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(54) PREVENTING CONFLICTS AMONG BID (32) US.CL .. 705/37
CURVES USED WITH TRANSACTIVE
CONTROLLERS IN A MARKET-BASED (57) ABRSTRACT
RESOURCE ALLOCATION SYSTEM
Disclosed herein are representative embodiments of methods,
(75) Inventors: Jason C. Fuller, Richland, WA apparatus, and systems for distributing a resource (such as
(US); David P. Chassin, Pasco, WA clectricity) using a resource allocation system. One of the
(US); Robert G. Pratt, Kennewick, disclosed embodiments 1s a method for operating a transac-
WA (US); Matthew Hauer, tive thermostatic controller configured to submit bids to a
Richland, WA (US); Francis K. market-based resource allocation system. According to the
Tuffner, Richland, WA (US) exemplary method, a first bid curve 1s determined, the first bid
curve indicating a first set of bid prices for corresponding
(73) Assignee: Battelle Memorial Institute temperatures and being associated with a cooling mode of
operation for a heating and cooling system. A second bid
(21)  Appl. No.: 13/096,770 curve 1s also determined, the second bid curve indicating a
_ second set of bid prices for corresponding temperatures and
(22)  Filed: Apr. 28, 2011 being associated with a heating mode of operation for a heat-
L _ _ ing and cooling system. In this embodiment, the first bid
Publication Classification curve, the second bid curve, or both the first bid curve and the
(51) Int.CL. second bid curve are modified to prevent overlap of any
G060 40/00 (2006.01) portion of the first bid curve and the second bid curve.
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FIELD

[0002] This application relates generally to the field of
power grid management and control.

BACKGROUND

[0003] Demand response and dynamic pricing programs
are expected to play increasing roles 1n the modern smart grid
environment. These programs typically utilize a price signal
as a means to control demand. Active markets allow custom-
ers to respond to fluctuations in wholesale electrical costs, but
may not allow the utility to directly and completely control
demand. Transactive markets, utilizing distributed transac-
tive controllers and a centralized auction, can provide an
interactive system that helps ensure that consumer demand 1s
met, supply limits are not exceeded, and that price volatility 1s
reduced. With the current proliferation of computing and
communication resources, the ability now exists to create
transactive demand response programs at the residential
level.

SUMMARY

[0004] Disclosed below are representative embodiments of
methods, apparatus, and systems for distributing a resource
(such as electricity). For example, improved systems and
methods for computing demand bids 1n a transactive and
active market are described herein. In particular embodi-
ments, bids are computed using a cooling mode bid curve and
a heating mode bid curve that are adapted so that they do not
conflict with one another.

[0005] One of the exemplary embodiments disclosed
herein 1s a method for operating a thermostatic controller
comprising determining a first bid curve, the first bid curve
indicating a {irst set of bid prices for corresponding tempera-
tures, the first bid curve being associated with a cooling mode
of operation for a heating and cooling system; determining a
second bid curve, the second bid curve indicating a second set
of bid prices for corresponding temperatures, the second bid
curve being associated with a heating mode of operation for
the heating and cooling system; and modifying the first bid
curve, the second bid curve, or the first bid curve and the
second bid curve to prevent overlap of any portion of the first
bid curve and the second bid curve. In certain implementa-
tions, the act of moditying can comprise moditying the first
bid curve and not the second bid curve. In other implemen-
tations, the act of moditying can comprise moditying the
second bid curve and not the first bid curve. In some 1mple-
mentations, the act of moditying comprises modifying the
first bid curve by eliminating at least a portion of a pre-
cooling zone of the first bid curve or eliminating at least a
portion ol a pre-heating zone of the second bid curve. In
certain 1implementations, the act of modifying comprises

Nov. 1, 2012

moditying the first bid curve and the second bid curve so that
the first bid curve does not include a pre-cooling zone and the
second bid curve does not include a pre-heating zone. In some

implementations, the act of modifying comprises moditying
the first bid curve and the second bid curve so that a lower end
of the first bid curve 1s separated from an upper end of the
second bid curve by a fixed amount. For example, the fixed
amount can correspond to a deadband setting for the HVAC
system. In some implementations, the act of modifying com-
prises moditying the first bid curve and the second bid curve
by creating a region between the first bid curve and the second
bid curve that does not trigger pre-heating or pre-cooling. For
example, the region between the first bid curve and the second
bid curve can be centered about an average temperature
between a cooling mode set point and a heating mode set
point.

[0006] Another exemplary embodiment disclosed herein 1s
a method for operating a thermostatic controller comprising,
responsive to an observed temperature, causing a heating,
ventilation, and air conditioning (“HVAC™) system to become
operational 1n a first operational mode, the first operational
mode being associated with a first bid curve for determining
a bid price for submission to a market-based resource alloca-
tion system; and, while the HVAC system operates 1n the first
operational mode, modifying a second bid curve associated
with a second operational mode or a response by the control-
ler to the second bid curve so that the second bid curve does
not iterfere with the HVAC system operating according the
first bid curve. In certain implementations, the first opera-
tional mode 1s a cooling mode, the first bid curve 1s a cooling
mode bid curve, the second operational mode 1s a heating
mode, and the second bid curve 1s a heating mode bid curve.
In such implementations, the act of modifying can comprise
climinating at least a portion of a pre-heating zone of the
heating mode bid curve or eliminating the response by the
controller to at least a portion of the pre-heating zone of the
heating mode bid curve. In such implementations, the modi-
fying can comprise modifying an upper temperature limit of
the heating mode bid curve to be less than a lower temperature
limit of the cooling mode bid curve. Further, the upper tem-
perature limit of the heating mode bid curve can be less than
the lower temperature limit of the cooling mode bid curve by
at least an amount corresponding to a deadband setting for the
HVAC system. In some implementations, the first operational
mode 1s a heating mode, the first bid curve 1s a heating mode
bid curve, the second operational mode 1s a cooling mode, and
the second bid curve 1s a cooling mode bid curve. In such
implementations, the act of modifying can comprise elimi-
nating at least a portion of a pre-cooling zone of the cooling
mode bid curve or eliminating the response by the controller
to at least a portion of the pre-cooling zone of the cooling
mode bid curve. In such implementations, the act of modify-
ing can comprise modifying a lower temperature limit of the
cooling mode bid curve to be greater than an upper tempera-
ture limit of the heating mode bid curve. Further, the lower
temperature limit of the cooling mode bid curve can be
greater than the upper temperature limit of the heating mode
bid curve by at least an amount corresponding to a deadband
setting for the HVAC system. In certain implementations, the
method further comprises designating the first operational
mode of the HVAC system as the dominant mode. In such
implementations, the method can further include changing
the designation of the dominant mode from the first opera-
tional mode if one or more of the following occurs: (a) an
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observed temperature crosses a base set temperature for acti-
vating the second operational mode; (b) a schedule change 1s
detected; or (¢) a change to a base set temperature for either
the first operational mode or the second operational 1s
detected. In some 1mplementations, the currently observed
temperature 1s a first observed temperature, and the method
turther comprises, responsive to a second observed tempera-
ture, causing the HVAC system to become operational in the
second operational mode; and, while the HVAC system oper-
ates 1n the second operational mode, restoring the second bid
curve to 1ts unmodified state or the response by the controller
to the second bid curve to its original response. In certain
implementations, the method can further comprise moditying
the first bid curve or aresponse by the controller to the first bid
curve so that the first bid curve does not interfere with the
HVAC system operating according the second bid curve.

[0007] A further exemplary embodiment disclosed herein
1s a method for operating a transactive controller comprising,
when an observed temperature 1s greater than a set point for
triggering a cooling mode, computing bids for use 1n a mar-
ket-based resource allocation system in accordance with a
first set of bid curves, the first set of bid curves including or
being treated as including a first cooling mode bid curve that
includes a first pre-cooling portion and a first heating mode
bid curve that either does not include any pre-heating portion
or that includes a first pre-heating portion that applies across
a smaller temperature range than the first pre-cooling portion;
and, when the observed temperature 1s less than a set point for
triggering a heating mode, computing the bids for use 1n the
market-based resource allocation system 1n accordance with
a second set of bid curves, the second set of bid curves
including or being treated as including a second heating mode
bid curve that includes a second pre-heating portion and a
second cooling mode bid curve that either does not include
any pre-cooling portion or that includes a second pre-cooling
portion that applies across a smaller range than the second
pre-heating portion. In some implementations, the method
turther comprises, once the observed temperature 1s greater
than the set point for triggering the cooling mode, computing
the bids 1n accordance with the first set of bid curves until the
observed temperature 1s less than the set point for triggering
the heating mode, and thereafter computing the bids in accor-
dance with the second set of bid curves. In certain implemen-
tations, the method further comprises, once the observed
temperature 1s greater than the set point for triggering the
cooling mode, computing the bids using the first set of bid
curves until an event occurs, the event comprising one or
more of: (a) detecting a schedule change; (b) detecting a
change to the set point for triggering the cooling mode; or (c¢)
detecting a change to the set point for triggering the heating
mode. In some implementations, the method turther com-
prises, once the observed temperature 1s less than the set point
for triggering the heating mode, computing the bids in accor-
dance with the second set of bid curves until the observed
temperature 1s greater than the set point for triggering the
cooling mode, and thereafter computing the bids 1n accor-
dance with the first set of bid curves. In certain implementa-
tions, the method further comprises, once the observed tem-
perature 1s less than the set point for triggering the heating
mode, computing the bids using the first set of bid curves until
an event occurs, the event comprising one or more of: (a)
detecting a schedule change; (b) detecting a change to the set
point for triggering the cooling mode; or (¢) detecting a
change to the set point for triggering the heating mode. In
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some 1mplementations, the first pre-heating portion and the
first pre-cooling portion are separated from one another by a
predetermined temperature range, and the second pre-heating,
portion and the second pre-cooling portion are separated by

the predetermined temperature range. In such implementa-
tions, the predetermined temperature range can be user select-

able.

[0008] Another exemplary embodiment disclosed herein 1s
a method for operating a resource-allocation market, com-
prising recerving a plurality of requests for electricity from a
plurality of end-use consumers, wherein each of the requests
indicates a requested quantity of electricity and a consumer-
requested 1ndex value indicative of a maximum price a
respective end-use consumer will pay for the requested quan-
tity of electricity; receiving a plurality of offers for supplying
clectricity from a plurality of resource suppliers, wherein
cach of the offers indicates an offered quantity of electricity
and a supplier-requested index value indicative of a minimum
price for which a respective supplier will produce the offered
quantity of electricity; and, using computing hardware, deter-
mining a dispatched index value at which electricity 1s to be
supplied. In this embodiment, the act of determining the
dispatched index value comprises forming an end-use con-
sumer curve from the requests and a resource supplier curve
from the offers; determining that an intersection of the end-
use consumer curve and the resource supplier curve occurs at
a same quantity level but at two different index value levels;
and selecting an index value between the two different index
value levels as the dispatched index value. In certain 1mple-
mentations, the act of selecting the dispatched index value
comprises selecting an index value that 1s an average of the
two different index value levels. In some implementations,
the act of selecting the dispatched index value comprises
determining that a next higher offer in the resource supplier
curve after the intersection has an index value that 1s less than
the average of the two diflerent index value levels; and select-
ing as the dispatched index value an index value that 1s below
the index value of the next higher offer 1n the resource sup-
plier curve. In such implementations, the dispatched index
value can be a single index value increment below the mndex
value of the next higher offer in the resource supplier curve. In
certain 1mplementations, the act of selecting the dispatched
index value comprises determining that a next lower request
in the end-use consumer curve aiter the intersection has an
index value that 1s greater than the average of the two different
index value levels; and selecting as the dispatched index value
an 1ndex value that 1s above the index value of the next lower
offer 1in the end-use consumer curve. In such implementa-
tions, the dispatched index value can be a single index value
increment above the index value of the next lower offer in the
end-use consumer curve. In some implementations, the act of
forming the end-use consumer curve from the requests and
the resource supplier curve from the oflers comprises sepa-
rating the requests and the offers into two groups; and sorting
cach 1tem 1n the two groups according to index value and a
cumulative quantity level. In certain implementations, the
method further comprises transmitting the dispatched index
value to at least one of the end-use consumers or resource
suppliers.

[0009] A further exemplary embodiment disclosed herein
1s another method for operating a resource-allocation market
that comprises recerving a plurality of requests for electricity
from a plurality of end-use consumers, wherein each of the
requests 1ndicates a requested quantity of electricity and a
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consumer-requested index value indicative of a maximum
price a respective end-use consumer will pay for the
requested quantity of electricity; recewving a plurality of
offers for supplying electricity from a plurality of resource
suppliers, wherein each of the offers indicates an offered
quantity of electricity and a supplier-requested index value
indicative of a minimum price for which a respective supplier
will produce the offered quantity of electricity; and, using
computing hardware, determining a dispatched index value at
which electricity 1s to be supplied. In this embodiment, the act
of determining the dispatched index value comprises forming
an end-use consumer curve from the requests and a resource
supplier curve from the offers; determining that the end-use
consumer curve and the resource supplier curve do not inter-
sect; and selecting as the dispatched index value an index
value that 1s higher than an index value of the request with the
highest index value. In some implementations, the mdex
value of the request with the highest index value 1s lower than
an 1ndex value of the offer with the lowest index value, and the
selected dispatched index value 1s between the index value of
the request with the highest index value and the index value of
the offer with the lowest index value. For example, the
selected dispatched index value can be the average of the
index value of the request with the highest index value and the
index value of the offer with the lowest index value. In certain
implementations, the selected dispatched index value 1s at a
price cap. In some implementations, the method further com-
prises transmitting the dispatched index value to at least one
ol the end-use consumers or resource suppliers.

[0010] A further exemplary embodiment disclosed herein
1s another method for operating a resource-allocation market
that comprises receiving a plurality of requests for electricity
from a plurality of end-use consumers, wherein each of the
requests indicates a requested quantity of electricity and a
consumer-requested index value indicative of a maximum
price a respective end-use consumer will pay for the
requested quantity of electricity; receiving a plurality of
offers for supplying electricity from a plurality of resource
suppliers, wherein each of the offers indicates an offered
quantity of electricity and a supplier-requested index value
indicative of a minimum price for which a respective supplier
will produce the offered quantity of electricity; and, using,
computing hardware, determining a dispatched index value at
which electricity 1s to be supplied. In this embodiment, the act
of determining the dispatched imndex value comprises com-
puting a quantity of electricity used by end-use consumers
that do not respond to the dispatched index value; determin-
ing that the offered quantities of electricity only satisty the
quantity used by end-use consumers that do notrespond to the
dispatched index value; and selecting as the dispatched index
value an index value that 1s higher than the index value of the
offer with the highest index value. The dispatched index value
can be, for example, a single index value increment above the
index value of the offer with the highest index value. In
certain implementations, the method further comprises trans-
mitting the dispatched index value to at least one of the
end-use consumers or resource suppliers.

[0011] Embodiments of the disclosed methods can be per-
formed using computing hardware, such as a computer pro-
cessor or an integrated circuit. For example, embodiments of
the disclosed methods can be performed by software stored
on one or more non-transitory computer-readable media (e.g.,
one or more optical media discs, volatile memory compo-
nents (such as DRAM or SRAM), or nonvolatile memory or
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storage components (such as hard drives)). Such software can
be executed on a single computer or on a networked computer
(e.g., via the Internet, a wide-area network, a local-area net-
work, a client-server network, or other such network).
Embodiments of the disclosed methods can also be per-
formed by specialized computing hardware (e.g., one or more
application specific integrated circuits (“ASICs™) or pro-
grammable logic devices (such as field programmable gate
arrays (“FPGAs™)) configured to perform any of the disclosed
methods). Additionally, any intermediate or final result cre-
ated or modified using any of the disclosed methods can be
stored on a non-transitory storage medium (e.g., one or more
optical media discs, volatile memory or storage components
(such as DRAM or SRAM), or nonvolatile memory or storage
components (such as hard drives)) and are considered to be
within the scope of this disclosure. Furthermore, any of the
soltware embodiments (comprising, for example, computer-
executable instructions which when executed by a computer
cause the computer to perform any of the disclosed methods),
intermediate results, or final results created or modified by the
disclosed methods can be transmitted, recerved, or accessed
through a suitable communication means.

[0012] The foregoing and other objects, features, and
advantages of the invention will become more apparent from
the following detailed description, which proceeds with ref-
erence to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 1s aschematic block diagram of a computing
environment that can be used to implement embodiments of
the disclosed technology.

[0014] FIG. 2 1s a schematic block diagram of a network
topology that can be used to implement embodiments of the
disclosed technology.

[0015] FIG. 3 1s a block diagram of an exemplary resource
allocation system that can be nested to any arbitrary depth
with consumers making demand requests and producers mak-
ing supply offers.

[0016] FIG. 4 1s a block diagram showing a resource con-
sumer who makes demand requests to a local resource allo-
cation system and who consumes the resource based on the
dispatched allocation index. The local resource allocation
system 1n FIG. 4 aggegrates the consumer’s demand request
with other requests.

[0017] FIG. 5 1s a block diagram showing a resource pro-
ducer who makes supply offers to a local resource allocation
system and who supplies the resource based on the dispatched
allocation index. The local resource allocation system 1n FIG.
5 aggegrates the producer’s supply offer with other offers.
[0018] FIG. 61s a flowchart showing a generalized method
for clearing offers and requests as can be used in any of the
disclosed resource allocation systems.

[0019] FIG.71satlowchart showing a general embodiment
for computing bids in any of the disclosed recourse allocation
system using two-way communications.

[0020] FIG. 8 1s a flowchart showing another general
embodiment for computing bids in any of the disclosed
recourse allocation system using two-way communications.
[0021] FIG.91s aflowchart showing a general embodiment
for computing bids in any of the disclosed recourse allocation
system using one-way communications.

[0022] FIG. 10 15 a flowchart showing a general embodi-
ment for generating offer values for use 1in any of the disclosed
recourse allocation systems.
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[0023] FIG. 11 1s a diagram illustrating an example of
capacity market buyer and supply curves.

[0024] FIGS. 12-23 are diagrams illustrating exemplary
market clearing scenarios.

[0025] FIG. 24 1s a diagram of an exemplary cooling mode
bid curve.

[0026] FIG. 25 1s a diagram of an exemplary heating mode
bid curve.

[0027] FIG. 26 1s a diagram 1illustrating how an exemplary
cooling mode bid curve can contlict with an exemplary heat-
ing mode bid curve.

[0028] FIG. 27 1s a diagram illustrating exemplary cooling
mode and heating mode bid curves that have been modified so
that no pre-cooling or pre-heating zones are included 1n the
curves.

[0029] FIG. 28 1s a diagram illustrating exemplary cooling
mode and heating mode bid curves that include partial pre-
cooling and pre-heating zones that are separated from one
another by a fixed temperature difierence.

[0030] FIG. 29 1s a diagram illustrating exemplary cooling
mode and heating mode bid curves of a controller operating,
with the cooling mode as the dominant state.

[0031] FIG. 30 1s a diagram illustrating exemplary cooling
mode and heating mode bid curves of a controller operating,
with the heating mode as the dominant state.

[0032] FIG. 31 1s a diagram 1illustrating exemplary cooling
mode and heating mode bid curves of a controller operating
with the cooling mode as the dominant state where the pre-
heating zone of the heating mode curve 1s only partially
modified.

[0033] FIG. 32 15 a flowchart of an exemplary method of
operating a transactive thermostatic controller.

[0034] FIG. 33 1s a flowchart of another exemplary method
ol operating a transactive thermostatic controller.

DETAILED DESCRIPTION

I. General Considerations

[0035] Disclosed below are representative embodiments of
methods, apparatus, and systems for distributing a resource
(such as electricity) using a market-based resource allocation
system. The disclosed methods, apparatus, and systems
should not be construed as limiting 1n any way. Instead, the
present disclosure 1s directed toward all novel and nonobvi-
ous features and aspects of the various disclosed embodi-
ments, alone and 1n various combinations and subcombina-
tions with one another. Furthermore, any features or aspects
ol the disclosed embodiments can be used 1n various combi-
nations and subcombinations with one another. The disclosed
methods, apparatus, and systems are not limited to any spe-
cific aspect or feature or combination thereof, nor do the
disclosed embodiments require that any one or more specific
advantages be present or problems be solved.

[0036] Although the operations of some of the disclosed
methods are described 1n a particular, sequential order for
convenient presentation, 1t should be understood that this
manner of description encompasses rearrangement, unless a
particular ordering is required by specific language set forth
below. For example, operations described sequentially may in
some cases be rearranged or performed concurrently. More-
over, for the sake of simplicity, the attached figures may not
show the various ways in which the disclosed methods can be
used 1 conjunction with other methods. Additionally, the
description sometimes uses terms like “determine” and “gen-
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erate” to describe the disclosed methods. These terms are
high-level abstractions of the actual operations that are per-
tormed. The actual operations that correspond to these terms
may vary depending on the particular implementation and are
readily discernible by one of ordinary skill 1n the art. Further-
more, as used herein, the term “and/or” means any one 1item or
combination of items in the phrase.

[0037] Any of the disclosed methods can be implemented
using computer-executable instructions stored on one or more
computer-readable media (e.g., non-transitory computer-
readable media, such as one or more optical media discs,
volatile memory components (such as DRAM or SRAM), or
nonvolatile memory components (such as hard drives)) and
executed on a computer (e.g., any commercially available
computer). Any of the computer-executable instructions for
implementing the disclosed techniques (e.g., the disclosed
bid generation, oifer generation, or dispatch index generation
techniques) as well as any intermediate or final data created
and used during implementation of the disclosed resource
allocation systems can be stored on one or more computer-
readable media (e.g., non-transitory computer-readable
media). The computer-executable instructions can be part of,
for example, a dedicated software application or a software
application that 1s accessed or downloaded via a network
(e.g., through a web browser). More specifically, such soft-
ware can be executed on a single computer (e.g., any suitable
commercially available computer) or in a network environ-
ment (e.g., via the Internet, a wide-area network, a local-area
network, a client-server network, or other such network).

[0038] For clarity, only certain selected aspects of the sofit-
ware-based embodiments are described. Other details that are
well known in the art are omitted. For example, 1t should be
understood that the software-based embodiments are not lim-
ited to any specific computer language or program. For
instance, embodiments of the disclosed technology can be
implemented by software written in C++, Java, Perl, JavaS-
cript, Adobe Flash, or any other suitable programming lan-
guage. Likewise, embodiments of the disclosed technology
are not limited to any particular computer or type of hardware.
Details of suitable computers and hardware are well known
and need not be set forth 1n detail 1n this disclosure.

[0039] Furthermore, any of the software-based embodi-
ments (comprising, for example, computer-executable
instructions which when executed by a computer cause the
computer to perform any of the disclosed methods) can be
uploaded, downloaded, or remotely accessed through a suit-
able communication means. Such suitable communication
means include, for example, the Internet, the World Wide
Web, an intranet, software applications, cable (including fiber
optic cable), magnetic communications, electromagnetic
communications (including RF, microwave, and infrared
communications), electronic communications, or other such
communication means.

[0040] The disclosed methods can also be implemented by
specialized computing hardware that 1s configured to perform
any of the disclosed methods. For example, the disclosed
methods can be implemented by an integrated circuit (e.g., an
application specific integrated circuit (“ASIC”) or program-
mable logic device (“PLD”), such as a field programmable
gate array (“FPGA”™)). The integrated circuit or specialized
computing hardware can be embedded 1n or directly coupled
to an electrical device (or element) that 1s configured to inter-
act with the resource allocation system. For example, the
integrated circuit can be embedded 1n or otherwise coupled to
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a generator (e.g., a wind-based generator, solar-based genera-
tor, coal-based generator, or nuclear generator); an air-condi-
tioming unit; heating unit; heating, ventilation, and air condi-
tiomng (“HVAC”) system; hot water heater; refrigerator; dish
washer; washing machine; dryer; oven; microwave oven;
pump; home lighting system; electrical charger; electric
vehicle charger; home electrical system; or any other electri-
cal system having variable performance states.

[0041] FIG.11llustrates a generalized example of a suitable
computing hardware environment 100 in which several of the
described embodiments can be implemented. The computing
environment 100 1s not intended to suggest any limitation as
to the scope of use or functionality of the disclosed technol-
ogy, as the techniques and tools described herein can be
implemented 1n diverse general-purpose or special-purpose
environments that have computing hardware.

[0042] With reference to FIG. 1, the computing environ-
ment 100 includes at least one processing unit 110 and
memory 120. In FIG. 1, this most basic configuration 130 1s
included within a dashed line. The processing unit 110
executes computer-executable mstructions. In a multi-pro-
cessing system, multiple processing units execute computer-
executable instructions to increase processing power. The
memory 120 may be volatile memory (e.g., registers, cache,
RAM), non-volatile memory (e.g., ROM, EEPROM, flash
memory ), or some combination of the two. The memory 120
stores software 180 for implementing one or more of the
described techniques for operating or using the disclosed
resource allocation systems. For example, the memory 120
can store software 180 for implementing any of the disclosed
dispatch index determination, bidding, or offer strategies
described herein and their accompanying user interfaces.

[0043] The computing environment can have additional
features. For example, the computing environment 100
includes storage 140, one or more mput devices 150, one or
more output devices 160, and one or more communication
connections 170. An interconnection mechanism (not shown)
such as a bus, controller, or network interconnects the com-
ponents of the computing environment 100. Typically, oper-
ating system soltware (not shown) provides an operating
environment for other software executing in the computing
environment 100, and coordinates activities of the compo-
nents of the computing environment 100.

[0044] The storage 140 can be removable or non-remov-
able, and includes magnetic disks, magnetic tapes or cas-
settes, CD-ROMs, DVDs, or any other tangible non-transi-
tory storage medium which can be used to store information
and which can be accessed within the computing environment
100. The storage 140 can also store instructions for the soft-
ware 180 implementing any of the described techmques, sys-
tems, or environments.

[0045] The mput device(s) 150 can be a touch mput device
such as a keyboard, mouse, touch screen, pen, or trackball, a
voice mput device, a scanning device, or another device that
provides input to the computing environment 100. The output
device(s) 160 can be a display, printer, speaker, CD-writer, or
another device that provides output from the computing envi-
ronment 100.

[0046] The communication connection(s) 170 enable com-
munication over a communication medium to another com-
puting entity. The communication medium conveys informa-
tion such as computer-executable instructions, resource
allocation messages or data, or other data 1n a modulated data
signal. A modulated data signal 1s a signal that has one or
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more of 1ts characteristics set or changed 1n such a manner as
to encode information in the signal. By way of example, and
not limitation, communication media include wired or wire-
less techniques implemented with an electrical, optical, RF,
infrared, acoustic, or other carrier.

[0047] The various methods, systems, and interfaces dis-
closed herein can be described 1n the general context of com-
puter-executable instructions stored on one or more com-
puter-readable media. Computer-readable media are any
available media that can be accessed within or by a computing
environment. By way of example, and not limitation, with the
computing environment 100, computer-readable media
include tangible non-transitory computer-readable media,
such as memory 120 and storage 140.

[0048] The various methods, systems, and interfaces dis-
closed herein can also be described 1n the general context of
computer-executable instructions, such as those included 1n
program modules, being executed 1n a computing environ-
ment on a target processor. Generally, program modules
include routines, programs, libraries, objects, classes, com-
ponents, data structures, and the like that perform particular
tasks or implement particular abstract data types. The func-
tionality of the program modules may be combined or split
between program modules as desired in various embodi-
ments. Computer-executable mstructions for program mod-
ules may be executed within a local or distributed computing
environment.

II. Exemplary Network Topology for Implementing a
Resource Allocation Market

[0049] An example of a network topology for implement-
ing a resource allocation market 200 according to the dis-
closed technology 1s depicted in FIG. 2. Networked comput-
ing devices 220, 222, 230, 232, 250 can be, for example,
computing devices having computing hardware that runs
soltware for accessing one or more central computers 210 or
that are otherwise configured to communicate with the one or
more central computers 210. The one or more central com-
puters 210 1n the illustrated embodiment manage and operate
the resource allocation market 200. For example, the one or
more central computers 210 can be associated with an opera-
tor who manages an electrical transmission network that
serves or 1s served by electrical loads or resources associated
with the computing devices 220, 222, 230, 232, 250. For
instance, the one or more central computers 210 can be asso-
ciated with a distribution substation, a sub-transmission sub-
station, a transmission substation, or other such transmission
node 1n a power transmission network.

[0050] The computing devices 220,222, 230,232, 250 and

the central computer 210 can have computer architectures as
shown in FIG. 1 and discussed above. The computing devices
220,222,230, 232, 250 are not limited to traditional personal
computers or servers but can comprise other computing hard-
ware configured to connect to and communicate with a net-
work 212 (e.g., specialized computing hardware associated
with an electrical device or a power generator (e.g., hardware
comprising an integrated circuit (such as an ASIC or pro-
grammable logic device) configured to perform any of the
disclosed methods)).

[0051] In the illustrated embodiment, the computing
devices 220, 222, 230, 232, 250 are configured to connect to
one or more central computers 210 (e.g., vianetwork 212). In
certain i1mplementations, the central computer receives
resource bids or requests from those computing devices asso-
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ciated with resource consumers (e.g., devices 220, 222) and
receives resource offers from those computing devices asso-
ciated with resource suppliers (e.g., devices 230, 232, 250).
The one or more central computers 210 then compute a value
at which the resource 1s to be dispatched (e.g., using a double
auction technique) and transmit this dispatched value to the
computing devices 220, 222, 230, 232, 250. When this dis-
patched value refers to the actual price of the resource, it 1s
sometimes referred to as the “real-time price” and indicates
the clearing price of the current time interval or of the next
upcoming time mterval (e.g., the imminent time interval). In
some 1mplementations, this price 1s also known as the real-
time locational marginal price. The time intervals can vary,
but in certain implementations 1s less than one hour (such as
30 minutes or less, 15 minutes or less, 10 minutes or less, 5
minutes or less, or any other interval).

[0052] The one or more central computers 210 can also

transmit additional data to one or more of the computing,
devices 220, 222, 230, 232, 250. The additional data can be

used by the computing devices 220, 222, 230, 232, 250 to
compute a demand bid or supply bid. For example, the addi-
tional data can include price information from a forward-
looking or futures market (e.g., price information from a

day-ahead market).

[0053] For example, the price can be price information for
the same 1nterval as the current interval or the next upcoming,
interval but 1n the following day (e.g., a price from the day-
ahead market, such as a day-ahead locational marginal price).
The price information from the futures market may not be
available 1n the same duration of time interval as the real-time
price (e.g., the day-ahead price may apply to a longer interval
(such as 1 hour) when compared to the interval of the real-
time price information) but can overlap with the current inter-
val or the next upcoming interval. For purposes of this dis-
closure, the price mformation from a forward-looking or
futures market 1s generally referred to herein as a “future
price.”

[0054] The price information from a futures market 1s typi-
cally available from power transmission entities or other
power mdustry entities that maintain or participate 1n a for-
ward-looking market, and most commonly refers to price
information from the day-ahead market but can be price infor-
mation from a market for other future time periods (e.g., for a
tuture time period other than the next upcoming time nterval
in the relevant resource allocation system for which a dis-
patch value 1s being computed). Briefly, the day-ahead market
refers to a financial market where market participants pur-
chase and sell energy at financially binding day-ahead prices
tor the following day. As a result of the day-ahead market, a
financially binding schedule of commitments for the pur-
chase and sale of energy 1s developed each day based on the
bid and offer data submitted by the market participants. The
day-ahead market allows buyers and sellers to lock 1n their
price and hedge against volatility in the real-time energy
market. Examples of such day-ahead markets include the
day-ahead market operated by PJM Interconnection LLC.

[0055] In the embodiment illustrated 1n FIG. 2, the price
information from a futures market (e.g., the day-ahead market
information) 1s accessed and received by the one or more
central computers 210 from a provider 250 (e.g., a regional
transmission provider or transmission provider at the next
highest hierarchical level in the transmission network). Fur-
thermore, as shown 1n the illustrated embodiment, the pro-
vider 250 1s 1tself a resource supplier that bids an offer to the
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market resource allocation market 200. For example, the pro-
vider 250 can be a regional transmission provider that offers
clectricity at a wholesale price to the resource allocation
market 200 operated by the one or more central computers

210.

[0056] Instill further embodiments, the additional informa-
tion may include information computed from the real-time
price information and/or from the price information from the
tutures market. For example, 1n particular implementations,
the additional information 1s used to compute other derivative
values at the one or more central computers 210 that are then
transmitted to the computing devices 220,222,230, 232, 250.
For example, and as more fully explained below, an average
price and/or a standard deviation can be computed from the
real-time price or from the price information from the futures
market. The average price can be computed from prices of
adjacent intervals (e.g., prices 1in the preceding m intervals) or
from prices at the same interval from earlier days (e.g., prices
from the same interval (such as the one hour interval begin-
ning at 9:00 p.m.) from the preceding n days). The average
price and/or standard deviation can then be transmitted to the
computing devices 220, 222, 230, 232, 250. In still other
embodiments, a single price deviation value can be computed
by dividing the average of the real-time prices or the future
prices over some interval and dividing by the standard devia-
tion (e.g., the value can be the average/standard deviation) or
by dividing the difference between the cleared real-time or
futures price and the average of the real-time or future prices
over some 1nterval and dividing by the standard deviation
(€8, Purv™(Piiear=Puverage) Oucmar)- This price deviation,
called v, corresponds to the number of standard deviations the
real-time price or future price 1s from the average price and, in
some embodiments, can be the only signal used to control the
system. In still further embodiments, one or more of the
computing devices 220, 222, 230, 232, 250 themselves com-
pute the other derivative values from the real-time price infor-
mation, the future price information, or both the real-time
price mformation and the future price information.

[0057] Examples of how market information from a futures
market can be used in market-based resource allocation sys-
tems are described in further detail 1n U.S. Nonprovisional
application Ser. No. 13/096,682, filed on Apr. 28, 2011 con-
currently herewith, and entitled “FORWARD-LOOKING
TRANSACTIVE PRICING SCHEMES FOR USE IN A
MARKET-BASED RESOURCE-BASED ALLOCATION
SYSTEM.,” which 1s hereby incorporated herein by reference.
Furthermore, although FIG. 2 shows additional price infor-
mation from a futures market being used, 1t should be under-
stood that the use of future market information 1s not neces-
sary and that certain embodiments of the disclosed
technology use only market information from the local mar-
ket. Additionally, although the mformation shown as being
exchanged 1n FIG. 2 1s identified as price information, the
information may be generalized to information that is indica-
tive of a price or relates to an index that 1s capable of being
monetized. For example, the real-time price can be areal-time
dispatched index value, and the price mmformation from a
futures market can be dispatched index values from a futures
market.

[0058] In the i1llustrated embodiment, the one or more cen-
tral computers 210 are accessed over a network 212, which
can be implemented as a Local Area Network (“LAN") using
wired networking (e.g., the Ethernet IEEE standard 802.3 or
other appropriate standard) or wireless networking (e.g. one
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of the IEEE standards 802.11a,802.11b, 802.11¢g, or 802.11n
or other appropnate standard). Furthermore, at least part of
the network 212 can be the Internet or a similar public net-
work. The one or more central computers 210 can be located
at a transmission node for the resource allocation market itself
(e.g., at a distribution substation, sub-transmission substa-
tion, transmission substation, or other transmission node
locale) or can alternatively be located remotely (e.g., at a
centralized location that 1s responsible for managing and
operating multiple resource allocation markets).

[0059] The various possible roles and functionalities of the
computing devices 220, 222, 230, 232, 250 and the one or
more central computers 210 will be described 1n more detail
in the following sections.

IT11. Embodiments of the Disclosed Resource
Allocation Scheme

[0060] A. General Case of a Nested, Hierarchical Resource
Allocation Schema

[0061] FIG. 3 1s a schematic block diagram illustrating an
embodiment of a resource allocation system 300 according to
the disclosed technology. In the embodiment shown 1n FIG. 3,
system 300 comprises multiple nested resource allocation
systems (two of which are shown as subsystems 310 and 312
and which can operate using the network topology 1llustrated
in FIG. 2), which themselves comprise self-similar resource
allocation subsystems. The resource allocation system 300
can be nested to any arbitrary depth with net producers (such
as net producer 320) making supply offers and net consumers
(such as net consumer 322) making demand requests to a
larger bulk system 340. In certain embodiments, the system
300 does not include nested subsystems, but comprises a
single-level system 1n which a central system (e.g., a distri-
bution service provider) communicates with consumers and
suppliers that have no nested subsystems. Any of the nested
subsystems can operate using a network topology such as that
shown 1n FIG. 2 for operating a local resource allocation
market.

[0062] All resources that are limited 1n some manner and
can be measured can be allocated independently 1n such a
system. The embodiments disclosed herein generally concern
applying the resource allocation system 300 to an electrical
power grid 1n which electrical power 1s limited, but it 1s to be
understood that this application 1s not limiting. The resource
allocation system can be used 1n other contexts as well,
including water supply, Internet wireless bandwidth distribu-
tion, or other such markets having limited resources.

[0063] In the illustrated embodiment, each of the resource
allocation markets operates by periodically collecting
demand requests from consumers and supply offers from
resource suppliers and determining an index value (e.g., a
“price” or “cleared price”) at which the resource allocation 1s
to be dispatched. As more fully explained below, the dis-
patched index value 1s determined from the demand requests
and supply offers. In one particular embodiment, the process
1s different than traditional markets 1n that an index that 1s
capable of being monetized (rather than just a currency value
itsell) 1s used. The index provides a common valuation
method for participants in the system. For ease of presenta-
tion, reference will sometimes be made 1n this disclosure to
the index for a resource as though 1t were the actual price of
the resource. It 1s to be understood that such reference
includes not only the situation where the index 1s the currency,
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but also the situation where the index 1s another index unit that
1s capable of being monetized or traded.

[0064] B. Participants and Accounts

[0065] In one embodiment of the disclosed technology, at
least some of the participants 1n the system have accounts 1n
which the fund of index units at their disposal 1s kept. As
consumers use resources, their index fund balances are deb-
ited, and as producers deliver resources, their index fund
balances are credited. Index funds can be credited using a
variety ol mechanisms, including up-front deposits (e.g.,
through incentives), periodic deposits (e.g., with income), or
purchased funds from a separate index fund market when
producers sell funds.

[0066] C. Supply Offers and Demand Requests

[0067] Inoneexemplary embodiment of the disclosed tech-
nology, end-use consumers use computing devices (e.g.,
transactive controllers or active controllers) to request
resources from their local distribution service provider based
on their current needs (e.g., the needs of the appliances or
clectrical devices 1n the consumer’s residence or business).
For example, end-use consumers can input their resource
requests through a web site that transmits the user’s requests
over the Internet to one or more central computers that are
used by the distribution service provider to allocate the
resource. In such instances, the requests can be computed and
transmitted by executing computer-executable instructions
stored 1n non-transitory computer-readable media (e.g.,
memory or storage). Alternatively, a consumer’s end-use
appliances or electrical devices can be configured to them-
selves compute the resource requests (1n which case the appli-
ance or device can be considered as the end-use consumer or
resource consumer). In such instances, the requests can be
computed using computing equipment (e.g., a transactive
controller or active controller) embedded 1n the appliances or
electrical devices themselves. In still another embodiment,
computing equipment at the consumer’s residence or locale
can collect information from one or more of the consumer’s
appliances or electrical devices and transmit aggregated
requires to the local distribution service provider.

[0068] The computing equipment can comprise a computer
system (e.g., a processor and non-transitory computer-read-
able media storing computer-executable instructions) or can
comprise a specialized integrated circuit (e.g., an ASIC or
programmable logic device) configured to compute the
resource request or offer. If the requests are computed by the
appliances or electrical devices themselves, the requests can
be directly sent to the one or more central computers of the
distribution service provider (e.g., via the Internet) or can be
aggregated with other requests (e.g., using a computer or
other computing equipment at the consumer’s home). For
instance, the appliances and electrical devices at the consum-
er’s home can transmit their requests (e.g., wirelessly using
Wi-F1 or the like) to a local computer, or a computer-based
home energy management system (“HEMS™), which aggre-
gates the requests. The aggregated requests can then be sent
together to the distribution service provider (e.g., as a single
request to the central computer or as a single message com-
prises a string of requests).

[0069] In one exemplary embodiment, resource requests
comprise at least two pieces of information: the quantity of
the resources desired (described, for example, as a rate of
consumption for the time frame over which the resource will
be allocated) and the requested index value. In some embodi-
ments, the requested index value 1s the maximum index value
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at which the quantity will be consumed. Desirably, resource
consumers submit at least one such request for each time
frame 1 which they wish to consume, and the time frame 1s
determined by the local distribution service provider. The
time frame can vary from embodiment to embodiment, but in
some embodiments 1s 60 minutes or less, 15 minutes or less,
or 5 minutes or less, and some embodiments can use mixed
time and/or overlapping frames. As more fully explained
below, the time frame can depend on the size of the resource
allocation system and the number of nested resource alloca-
tion markets within the overall system. In general, the time
frame used 1n a lower-level system 1n a nested framework will
be less than the time frame for a higher-level system in the
nested framework. After receiving such requests within the
time frame, the local distribution service provider can com-
pute and dispatch the index value at which each resource 1s
allocated. This value 1s sometimes referred to herein as the
“dispatched 1index value” or “dispatched value.” In applica-
tions where the value 1s the actual price, this value 1s some-
times referred to herein as the “settled price,” “clearing price,”
or “real-time price”

[0070] In one exemplary embodiment, resource suppliers
use computing devices (e.g., transactive controllers) to sub-
mit offers for resources to the local distribution service pro-
vider based on the current cost of providing the resources.
Resource suppliers can include, for example, utility substa-
tions at the same or higher transmission level (e.g., transmis-
sion substations, subtransmission substations, or distribution
substations), merchant generators (e.g., large-scale power
generators using coal-, nuclear-, wind-, solar-, hyro-, or geo-
thermal-based power generation), local generators (e.g., die-
sel generators or smaller scale solar or wind generators) or
consumer-based generators (e.g., electric vehicles). For
example, the supply offers can be computed and submitted
over the Internet using a computer system (e.g., using a dedi-
cated web site). Alternatively, the supply offer can be com-
puted and transmitted using a specialized integrated circuit
configured to compute the resource offer (e.g., an ASIC or
programmable logic device). Any such computing hardware
can be coupled directly to and provide control over the rel-
evant equipment for supplying the resource. For instance, the
computing hardware can be integrated with the control equip-
ment for an electrical power generator, thereby allowing the
computing hardware to directly activate and deactivate the
generator as needed.

[0071] In one exemplary embodiment, offers comprise at
least two pieces of information: the quantity of the resources
available (described, for example, as a rate of production for
the time frame over which the resource will allocated) and the
requested index value for the quantity of the resource. In some
embodiments, the requested index value 1s the minimum
index value at which the resource will be produced. Producers
desirably submit at least one such offer for each time frame 1n
which they wish to produce resources, and the time frame 1s
determined by the service provider.

[0072] In one exemplary embodiment for operating the
resource allocation system, consumers are required to con-
sume the resources which they requested only 1f they
requested the resource at an index value greater than or equal
to the dispatched index value. Conversely, consumers are
prohibited from consuming the resources 1 they requested
the resource at an index value less than the dispatched index
value for that time frame. These rules can be enforced, for
example, at the appliance or electrical devicelevel (e.g., using
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approprate shut-off hardware) or enforced by control signals
sent from a computer at the consumer’s home or locale to the
relevant appliance or electrical equipment. Violation of these
rules can be subject to a penalty (e.g., a penalty levied against
the offender’s index fund account). Furthermore, 1n some
embodiments of the disclosed technology, consumers can
submit unconditional requests that require the distribution
service provider to deliver the resource at any price, and
require the consumer to accept 1t at any price.

[0073] Similarly, in one exemplary embodiment for oper-
ating the resource allocation system, producers are required
to produce the resources which they offered only if they
offered the resource at an index value less than or equal to the
dispatched index value. Conversely, producers are prohibited
from producing resource if they offered the resource at an
index value greater than the dispatched index value for that
time frame. Violation of the rules can be subject to a penalty
levied against their index fund accounts. Furthermore, 1n
some embodiments of the disclosed technology, producers
can submit unconditional offers that require the distribution
service provider to accept the resource at any price, and
require the producer to supply 1t at any price.

[0074] D. Aggregation Services

[0075] Incertain embodiments of the disclosed technology,
and as noted above, a service provider may 1n turn be a
consumer or producer with respect to another service pro-
vider, depending on whether they are a net importer or
exporter of resources. Examples of such arrangements are
shown 1n block diagrams 400 and 500 of FIGS. 4 and 5,
respectively. In particular, FIG. 4 1s a diagram 400 showing a
local resource consumer 410 that makes demands on a local
distribution service provider 412 (e.g., alocal feeder), who 1n
turn aggregates local requests to make an aggregated bulk
request to a service provider at the next-higher level 1n the
hierarchy. In the 1llustrated embodiment, the service provider
at the next-higher level 1s a bulk distribution service provider
414 (e.g., a regional distribution service provider), but can be
another higher-order service provider in the system (e.g., a
subtransmission substation, transmission substation, or other
such provider).

[0076] FIG. 5 1s a diagram 300 showing a local producer
510 that makes offers to a local distribution provider 512
(e.g., a local feeder), who 1n turn aggregates local offers to
make an aggregated offer to a service provider at a next-
higher level in the hierarchy. In the 1llustrated embodiment,
the service provider at the next-higher level 1s a bulk distri-
bution provider 514 (e.g., a regional distribution service pro-
vider), but can be another higher-order service provider in the
system (e.g., a subtransmission substation, transmission sub-
station, or other such provider).

[0077] Any number of service providers can be combined
to construct a system of arbitrary size and complexity.

[0078] Incertainembodiments of the disclosed technology,
producers and consumers can make non-firm offers and
requests as well, but such requests can have an index premium
with respect to the firm offers and requests presented during a
given time frame. The premium can be based, for example, on
the difference between the aggregate cost of load following in
the service providers system and the cost the same 1n the bulk
system (load following service cost arbitrage).

[0079] E. Multiple Time Frames

[0080] As resources are aggregated to larger and larger
system, the time frame over which allocation 1s performed
can be lengthened. For example, the lowest-level localized
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resources (e.g., feeder-level resources) might be dispatched
on a 5 minute time frame, mid-level resources (e.g., regional-
level or transmission-level resources) might be dispatched on
a 15 minute time frame, and highest-level resources (e.g.,
bulk-grid-level resources) transmission resources might be
dispatched on a 1 hour time frame. This permits aggregators
to also aggregate over time by exchanging or moving blocks
of resources across time frames using storage capacities and
ramp rates.

[0081] Both consumers and producers can break their total
demand and supply into multiple requests and olffers span-
ning multiple time frames. For example, 1n the face of 10%
uncertainty (or other percentage of uncertainty) in the quan-
tity needed, a consumer can request the mean quantity of the
needed resources 1n a longer time frame at any price and
exchange (buy or sell) the remaining 10% fluctuation (or
other percentage of tluctuation) in a shorter time frame at any
price.

[0082] Additionally, 1n certain embodiments, bids can be
submitted to the higher-level markets for resources that are to
be supplied during one or more future time frames that are not
imminent (e.g., time frames that occur during the following
day, following two days, following week, or any such future
time frame). Such bids for future time windows can be in
addition to the bid for the next time interval and can be used
to help secure power and settle the bulk-resource market in
advance of the actual power needs. In some implementations,
such bids for future time windows indicate a future energy
need (KWh) rather than an imminent current power need
(kW).
[0083]

[0084] In each time frame, and at one or more of the hier-
archical levels of the resource allocation system, the dis-
patched index value and quantity allocated 1s determined by a
resource allocation service. The resource allocation service
can be implemented by one or more computing devices at
cach level of the system and according to a network topology
such as that shown in FIG. 2. Furthermore, the resource
allocation service can be implemented using computer-ex-
ecutable 1nstructions stored on one or more computer-read-
able media (e.g., non-transitory computer-readable media,
such as storage or memory) which when executed by a com-
puter will cause the computer to perform a resource allocation
method, such as any of the techniques described below.

F. An Exemplary Resource Allocation Strategy

[0085] A wide variety of methods can be used to determine
the dispatched index value. In certain embodiments, however,
the dispatched index value 1s determined using a double auc-
tion technique. For instance, 1n one particular embodiment,
the following technique 1s used. The requests and offers are
separated 1nto two groups. Fach group 1s sorted by the index
value provided, requests being sorted by descending value,
and offers by ascending value (or vice versa). Next, each item
in the sorted lists 1s given a quantity level computed by adding
its quantity to the previous item’s quantity level, with the first
items quantity level being its quantity alone. Finally, the
dispatched index value 1s found by determining the index
value at which the same quantity level for requests and offers
occurs. In one embodiment, this can occur in one of two ways.
Either two requests bind a single offer, in which case the
supplier 1s required to supply less than the offered quantity
and the offer index value 1s the dispatched index value; or two
offers bind a single request, 1n which case the consumer 1s
required to consume less than the requested quantity with
only partial resources and the request index value 1s the dis-
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patched index value. Additionally, there are some special
cases that although rare are desirably handled explicitly.
Whenever both consumers and suppliers mutually bind each
other at a given quantity level, the dispatched index value can
be the mean of the offer and request indexes, the request
index, or the offer index. In certain embodiments, the method
that maximizes the total benefit (e.g., profit) to both consum-
ers and producers 1s chosen and 1n cases where more than one
index level maximizes the total benefit, the index level which
most equitably divides the total benefit between consumers
and producers 1s chosen. Exemplary market clearing sce-
narios are discussed 1n greater detail below 1n Section I11.M.

[0086] FIG. 6 1s a flowchart 600 showing a generalized
method for clearing offers and requests as can be used 1n any
of the disclosed resource allocation systems. The particular
method shown 1n FIG. 6 1s for a system for allocating elec-
tricity resources, but this usage should not be construed as
limiting. The method can be performed using computing
hardware (e.g., a computer processor or a specialized inte-
grated circuit). For instance, the method can be performed by
computing hardware such as shown in FIG. 1 that manages

the resource allocation market for a particular subsystem or in
the resource allocation scheme.

[0087] At 610, a plurality of requests for electricity are
received from a plurality of resource consumers (e.g., elec-
trical devices, home consumers, or other electrical service
providers in the hierarchy). The requests can comprise data
messages indicating a requested quantity of electricity and a
consumer-requested index value (e.g., a maximum price a
respective electrical-power user will pay for the requested
quantity of electricity.

[0088] At 612, aplurality of offers for supplying electricity
are recerved from a plurality of resource suppliers (e.g., local
generators, merchant generators, or other electrical service
providers 1n the hierarchy, such as service providers at the
next-highest hierarchical level). The offers can comprise data
messages imdicating an offered quantity of electricity and a
supplier-requested index value (e.g., a minimum bid price for

which a respective supplier will produce the offered quantity
of electricity).

[0089] At 614, a dispatched index value 1s computed at
which electricity 1s to be supplied based at least 1n part on the
consumer-requested index values and the supplier-requested
index values. In some implementations, the act of determin-
ing the dispatched index value 1s performed using a double
auction method. For example, the act of determining the
dispatched 1index value can comprise separating the requests
and the offers into two groups, sorting each item 1n the two
groups according to a quantity level, and determining the
dispatched index value by determining the index value at
which the same quantity level for requests and offers occurs.

[0090] At 616, the dispatched index value 1s transmitted to
at least one of the consumers or resource suppliers (e.g., using
suitable communication means, such as the Internet or other
network). In certain embodiments, additional information 1s
transmitted with the dispatch index value. As noted above
with respect to FI1G. 2, the additional information can include
price information from a futures market (e.g, day-ahead price
information). Furthermore, in certain embodiments, other
values can also be transmuitted, such as values derived from
the dispatched index value (e.g., an average and standard
deviation of the dispatched index value over a selected time
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frame) or values derived from the price information from the
tutures market (e.g., an average and standard deviation of the
day-ahead price).

[0091] Methodsacts 610,612,614, and 616 canbe repeated
at periodic 1ntervals (e.g., intervals of 60 minutes or less, 10
minutes or less, 5 minutes or less, or other such interval).
Furthermore, 1t should be understood that the method acts 610
and 612 do not necessarily occur 1n the 1llustrated sequence.
Instead, the orders and requests can be received substantially
simultaneously. For istance, the orders and requests can be
received at various times and/or orders within a given time
period and before the dispatched imndex 1s determined.

[0092] G. Demand Strategies

[0093] In some cases, suppliers or consumers desirably
place offers or bids that nearly guarantee that they obtain
consumers or suppliers, respectively. To help generate an
offer or request that has a high likelihood of being accepted by
the local resource allocation system, a supplier or consumer
can use a recent history of dispatched index values from the
local market and/or a recent history of the dispatched index
values from a futures market (e.g., a day-ahead market) to
forecast the most likely dispatched index value for a particu-
lar offer or request time frame and to adjust the offer or
request based on this information. This ability to adjust a
request or offer allows a consumer or supplier to utilize an
adaptive bidding or offer strategy. As more fully 1llustrated
below, such adaptive strategies are useful 1n a variety of
settings.

[0094] One possible adaptive request strategy 1s to compute
the average and the standard deviation of the dispatched index
values from the local market and/or the local dispatched index
values from the futures market (e.g., the prices from the
day-ahead market) over the last N time frames, where N 1s a
relatively large number compared to the time frame (e.g., 20,
50, 100 or more). When consumers cycle their demand for
resources periodically, they can adjust the consumption time
to exploit times when the index 1s low. In one particular
embodiment, the control decision for consumption can be
olfset by the computed average (or a weighted function of two
or more computed averages (such as averages of the dis-
patched index values from the local market and dispatched
index values from the futures market)) and scaled by the
computed standard deviation (or a weighted function of two
or more computed standard deviations (such as standard
deviations of the dispatched index values from the local mar-
ket and dispatched index values from the futures market))
betfore being submitted to the resource allocation system.

[0095] In some embodiments, the last N time frames that
are used are consecutive time frames. For instance, if N 1s
selected to account for the previous 24 hours, 1f the duration
of a time frame 1s 5 minutes, and 1f the current time frame 1s
3:00 p.m., then the dispatched index value from the 3:00 p.m.
time frame the previous day, the index from the 3:05 p.m. time
frame the previous day, the index from the 3:10 p.m. time
frame the previous day, and so on, can be used. In other
embodiments, the last N time frames that are used are from
the same time frame (or similar time frame) as the current
time frame but are from different days (e.g., consecutive prior
days). For instance, 11 N 1s selected to account for the previous
7 days, 11 the duration of a time frame 1s 5 minutes, and if the
current time frame 1s 3:00 p.m., then the dispatched index
value from the 3:00 p.m. time frame from the previous 7 days
can be used. Various combinations of these time frames can
also be used (e.g., the index values for multiple time frames
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around the current time frame from multiple previous days).
This flexibility can help further account for variations in
demand that arise throughout a day.

[0096] Many consumers that employ adaptive control also
use a similar strategy to determine the operating point from
the dispatched index value. This can be done by adjusting the
control set point based on the dispatched index value.

[0097] The {ollowing paragraphs introduce general
embodiments for generating bid values 1n a resource alloca-
tion system, such as any of the resource allocation systems
disclosed herein. Specific implementations of these general-
1zed embodiments are introduced in Section IV below.

[0098] FIG. 7 1s a flowchart 700 showing a generalized
embodiment for computing bids 1n any of the disclosed
recourse allocation system using two-way communications
(e.g., a transactive controller). The particular method shown
in FI1G. 7 1s for an electrical device 1n a system for allocating
clectrical resources, but this usage should not be construed as
limiting. The electrical device can be a variety of devices,
such as an air-conditioning umit; heating unit; heating, venti-
lation, and air conditioning (HVAC) system; hot water heater;
refrigerator; dish washer; washing machine; dryer; oven;
microwave oven; pump; home lighting system; electrical
charger; electric vehicle charger; home electrical system; or
any other electrical system having variable performance
states. The method of FIG. 7 can be performed using com-
puting hardware (e.g., a computer processor or an integrated
circuit). For instance, the method can be performed by a
computer at an end-user’s locale or home, a computer coupled
to an electrical device, or by specialized hardware (e.g., an
ASIC or programmable logic device) coupled to the electrical
device. Furthermore, 1t should be understood that the method
acts 1 FIG. 7 do not necessarily occur in the illustrated
sequence.

[0099] At 710, a desired performance value indicative of a
user’s desired performance level for an electrical device 1s
received (e.g., loaded, bulfered 1nto memory, or otherwise
input and prepared for further processing). For example, a
desired temperature for a temperature-controlled environ-
ment can be received.

[0100] At 712, one or more user tolerance values indicative
of the user’s willingness to tolerate variations from the
desired performance level are also recerved (e.g., loaded,
buifered into memory, or otherwise mput and prepared for
turther processing). For example, a comiort setting reflective
of comiort versus economy (such as any of the comfort set-
tings shown 1n Table 2 below or similar comifort setting) can
be recerved. In certain embodiments, the user tolerance value
1s selected from at least a first tolerance value and a second
tolerance value, the first tolerance value resulting 1n higher
bid values relative to the second tolerance value. The comfort
setting can comprise a single value that is representative of the
user’s tolerance, or can comprise multiple values that repre-
sent upper and/or lower limits of the performance of the
clectrical device (e.g., a low temperature and a high tempera-
ture). The performance value and user tolerance value can be
input by the user, for example, through an appropriate graphi-
cal user interface displayed on a computer or through a key-
pad, touch screen, dial, or other control mechanism associ-
ated with the electrical device.

[0101] At 714, a bid value for purchasing electricity suili-
cient to operate the electrical device at the desired perfor-
mance level 1s computed. In the i1llustrated embodiment, the
bid value 1s based at least 1n part on the desired performance
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value and the user tolerance value. The bid value can be
additionally based at least in part on one or more values
indicative of dispatched index values for the local market (the
market to which the bid value will be submitted). The dis-
patched index values from the local market can be, for
example, the dispatched index values from a previous time
period (e.g., the previous 3 hours) and can be updated on a
rolling window basis. In some embodiments, the bid value
can be additionally based at least 1n part on one or more values
indicative of the dispatched 1index values from a futures mar-
ket (e.g., prices from a day-ahead market). The dispatched
index values from the futures market can be, for example, the
day-ahead prices for the current day (e.g., a blocked 24-hour
window). In certain embodiments, the bid value 1s based on a
combination of the dispatched index values from the futures
market and the dispatched index values from the local market
(e.g., a weighted combination). Any of these values can be
computed locally at the electrical device, or can be transmiut-
ted from the one or more central computers.

[0102] Additionally, the bid value can be based on an aver-
age and/or a standard deviation of the dispatched index values
from the local market. Likewise, the bid value can be based on
an average and/or a standard deviation of the dispatched index
values from the futures market, or some combination of the
averages and/or standard deviations. In alternative embodi-
ments, a single dispatched value from the local market (e.g.,
the most recently dispatched value) and/or a single dispatched
index value from a futures market 1s used. In still other
embodiments, a value other than the average or standard
deviation 1s derived from the multiple available values and
used to perform the method (e.g., a median value, weighted
sum, or other such derived value). Any of these values can be
computed locally at the electrical device, or can be transmiut-
ted from the one or more central computers. In further
embodiments, a current performance level of the electrical
device can also be received. In such embodiments, the bid
value can also be based at least in part on the current perfor-
mance level.

[0103] At 716, the bid value 1s transmitted to one or more
central computers (e.g., one or more computers that manage
and operate a local resource allocation market by, for
instance, conducting the auction process for the market) in the
market-based resource allocation system (e.g., using suitable
communication means, such as the Internet or other network).
In certain embodiments, the quantity of the resources desired
(described, for example, as a rate of consumption for the time
frame over which the resource will be allocated) 1s also trans-
mitted to the one or more central computers. Additionally, 1n
some embodiments, the current state of the electrical device
associated with the bid 1s also transmitted to the one or more
central computers (e.g., as a value that indicates whether the
clectrical device 1s current on (or active) or oil (or 1nactive)).
As more Tully explained below, this state information can be
used by the operator of the resource allocation market to
determine the nonresponsive load that 1s serviced by the local
resource allocation market.

[0104] At718, anindication of a dispatched index value for
a current (or next upcoming) time frame 1s recerved from the
one or more central computers. In certain embodiments, a
value other than the dispatched value 1s recerved from the one
or more central computers but which 1s indicative of the
dispatched value. For example, the value can indicate a dii-
ference between a last dispatched value and a newly dis-
patched value. As noted, the one or more central computers
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can transmit other information as well (e.g., one or more of
dispatched index value(s) from a futures market, averages of
the dispatched index values from the local market and/or the
tutures market, or standard deviations of the dispatched index
values from the local market and/or the futures market).

[0105] At 720, the bid value 1s compared to the dispatched

value for the current (or next upcoming) time {frame, and a
signal 1s generated to activate or deactivate the electrical

device based on this comparison (e.g., 1f the bid value 1s equal
to or exceeds the dispatched value for the current time frame,
a signal to activate 1s generated; otherwise, a signal to deac-
tivate 1s generated).

[0106] Any combination or subcombination of the dis-
closed method acts can be repeated after a fixed period of time
(e.g., a time period of 15 minutes or less, 5 minutes or less, or
other such time period). In certain embodiments, some of the
received values are reused for subsequent time frames. For
example, the user-selected performance value and user toler-
ance value can be stored and reused for subsequent time
frames. In such instances, method acts 710 and 712 need not
be repeated.

[0107] FIG. 8 1s a flowchart 800 showing another general-
1zed embodiment for computing bids 1n any of the disclosed
recourse allocation system using two-way communications
(e.g., through transactive controllers). The method 1n FIG. 8
can be performed by computing devices like those mentioned
above with respect to FIG. 7. Likewise, the bids computed by
the method 1n FIG. 8 can be associated with electrical devices
like those mentioned above. In one particular embodiment,
the electrical device 1s a pump.

[0108] At 810, an indication of a current status of a system
controlled by an electrical device 1s recerved. For example, 1f
the electrical device1s a pump, the current status of the system
can be a measurement of a water level atfected by the pump.

[0109] At 812, a bid value for purchasing electricity suili-
cient to operate the electrical device 1s computed. In the
illustrated embodiment, the bid value 1s based at least 1n part
on the current status of the system and on one or more addi-
tional values. The additional values can comprise, for
example, any one or more of the values discussed above with
respectto FI1G. 7 (e.g., one or more of dispatched index values
from a local market, dispatched index values from the futures
market, averages ol the dispatched index values from the
local market and/or the futures market, or standard deviations
of the dispatched index values from the local market and/or
the futures market). Any of these values can be computed
locally at the electrical device, or can be transmitted from the
central computer. In some embodiments, a user comiort set-
ting and/or desired performance level selected by a user (e.g.,
a user comiort setting and/or desired performance level as
explained above with respect to FIG. 7) 1s also recerved. In
these embodiments, the bid value 1s additionally based at least
in part on the user comiort setting.

[0110] At 814, the bid value 1s transmitted to one or more
central computers (e.g., one or more computers that manage
and operate a local resource allocation market by, for
instance, conducting the auction process for the market) in the
market-based resource allocation system (e.g., using suitable
communication means, such as the Internet or other network).
In certain embodiments, the quantity of the resources desired
(described, for example, as a rate of consumption for the time
frame over which the resource will be allocated) 1s also trans-
mitted to the one or more central computers. Additionally, 1n
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some embodiments, the current state of the electrical device
assoclated with the bid 1s also transmitted to the one or more
central computers.

[0111] At 816, an indication of a dispatched value for a
current (or upcoming) time frame 1s recerved from the one or
more central computers. In certain embodiments, a value
other than the dispatched value but which 1s indicative of the
dispatched value 1s received. For example, the value can
indicate a difference between a last dispatched value and a
newly dispatched value. As noted, the one or more central
computers can transmit other information as well (e.g., one or
more of dispatched index value(s) from a futures market,
averages ol the dispatched index values from the futures
market and/or the local market, or standard deviations of the
dispatched index values from the futures market and/or the
local market).

[0112] At 818, the bid value 1s compared to the dispatched
value for the current (or upcoming) time frame, and a signal 1s
generated to activate or deactivate the electrical device based
on this comparison (e.g., 11 the bid value 1s equal to or exceeds
the dispatched value for the current time frame, a signal to
activate 1s generated; otherwise, a signal to deactivate 1s gen-

crated).

[0113] Any combination or subcombination of the dis-
closed method acts can be repeated after a fixed period of time
(e.g., a time period of 15 minutes or less, 5 minutes or less, or
other such time period). In certain embodiments, some of the
received values are reused for subsequent time frames. For
example, the user comiort setting can be stored and reused for
subsequent time frames.

[0114] FIG.91satlowchart 900 showing a general embodi-

ment for computing bids 1n any of the disclosed recourse
allocation system using one-way communications (e.g.,
using an active controller). The particular method shown 1n
FIG. 9 1s for an electrical device i a system for allocating
clectrical resources, but this usage should not be construed as
limiting. The electrical device can be a variety of devices,
such as an air-conditioning unit; heating unit; heating, venti-
lation, and air conditiomng (“HVAC”) system; hot water
heater; refrigerator; dish washer; washing machine; dryer;
oven; microwave oven; pump; home lighting system; electri-
cal charger; electric vehicle charger; home electrical system;
or any other electrical system having variable performance
states. The method of FIG. 9 can be performed using com-
puting hardware (e.g., a computer processor or an integrated
circuit). For instance, the method can be performed by a
computer at an end-user’s locale or home, a computer coupled
to an electrical device, or by specialized hardware (e.g., an
ASIC or programmable logic device) coupled to the electrical
device. Furthermore, 1t should be understood that the method
acts 1 FIG. 9 do not necessarily occur 1n the illustrated
sequence.

[0115] At 910, one or more user tolerance setting selected
by a user 1s recerved. For example, a user comiort setting as
described above with respect to FIG. 7 can be recerved. The
user tolerance value can be mput by the user, for example,
through an appropriate graphical user interface displayed on
a computer or through a keypad, touch screen, dial, or other
control mechanism associated with the electrical device.

[0116] At 912, market information 1s recerved. For
example, the market information can be transmitted from the
one or more central computers. The market information can
include information about the dispatched index value for the
local market (e.g., the price 1n the local market for the most
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recent time period or the next upcoming time period) and/or
information about the dispatched index value from a futures
market (e.g., the price from a day-ahead market).

[0117] At 914, a probability value of operating the electr-
cal device 1s computed based on at least the user comifort
setting and one or more additional values. The additional
values can comprise, for example, any one or more of the
values discussed above with respect to FIG. 7 (e.g., one or
more of the average and/or standard deviation of historical
dispatch values of the local market, historical dispatch values
from other levels or markets within the resource allocation
system, and/or the dispatch values of a futures market). Any
of these values can be computed locally at the electrical
device, or can be transmitted from the one or more central
computers.

[0118] At 916, a determination 1s made as to whether to
operate the electrical device using the probabaility value, and
a signal 1s generated to cause the electrical device to operate
based on this determination. In some 1mplementations, for
instance, a random number 1s generated, which 1s compared
to the probability value. If the random number 1s less than (or
in some embodiment greater than) the probability value, then
the signal for causing the electrical device to operate 1s gen-
erated; otherwise, a signal for causing the electrical device to
deactivate can be generated.

[0119] Any combination or subcombination of the dis-
closed method acts can be repeated after a fixed period of time
(e.g., a time period of 15 minutes or less, 5 minutes or less, or
other such time period). In certain embodiments, some of the
values are reused for subsequent time frames. For example,
the user comiort setting can be stored and reused for subse-
quent time frames.

[0120] H. Supply Strategies

[0121] Suppliers can consider many factors when comput-
ing their offer index value. For example, if there 1s a produc-
tion start-up cost, 1t can be spread over a minimum of M time
frames using the formula:

startup (1)

M - capacity

index = variable +

[l

where 1index 1s the index value of the offer, variable is the
time-dependent index value, startup 1s the index value of
starting production, and capacity 1s the total production
capacity of the unit. The variable term can correspond to or be
computed from the average of one or more dispatched index
values over N previous time frames (e.g., any one or more of
the dispatched index values described above with respect to
FIG. 7, including the dispatched index values from the local
market and/or the dispatched index values from the futures
market). In certain embodiments, the variable term 1s also
based at least in part on the standard deviation of those dis-
patched imndex values. As noted above with respect to FIG. 7
other dervative values can also be used to compute the vari-
able term. The variable term can have any of the values of the
average price P described below 1n Section V.

average
[0122] Simuilarly, a supplier for which production 1s already

engaged can adjust their offer strategy by lowering their
offer’s index when they wish to assure their resource 1s used
for a minimum number of time frames. In order to compen-
sate for the potential lost returns during those minimum run
time periods, suppliers can increase their initial start-up index
enough to ofiset for potential losses. Here again, one
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approach 1s for resource producers to use the average and/or
standard deviation of previously dispatched index values
(c.g., any one or more ol the dispatched index wvalues
described above with respect to FIG. 7, including the dis-
patched index values from the local market and/or the dis-
patched index values from the futures market) to forecast the
most likely variations and use an increment (M) that mini-
mizes the potential loss over the desired minimum run time:

shutdown (2)

runtime

index = variable— M

[l

where index i1s the offer index value, variable i1s the time-
dependent index value (e.g., as explained above with respect
to Equation (1)), shutdown 1s the index value of shutting down
production, and runtime 1s the number of periods over which
the unit has already run.

[0123] Another common objective for suppliers 1s that they
not exceed a maximum production quota allotted for a num-
ber of time frames. One solution to this problem 1s to adjust
the offer’s index price based on how much of the allotment
has been used 1n relation to number of time frames that have
past. Producers that have used a disproportionately high allot-
ment remaimng will have lower offers than those that have
used a disproportionately low allotment remaining. For
example, a supplier with a limited operating license can use:

remaining (3)

index = variable + capacity- fixed—
license — run

[l

where index 1s the offer index value, variable i1s the time-
dependent index value (e.g., as explained above with respect
to Equation (1)), fixed 1s the time-independent index value,
remaining 1s the number of time frames remaining unused in
the license, license 1s the number of time frames 1n the license,
and run 1s the number of time frames used 1n the license.

[0124] FIG. 10 1s a flowchart 1000 showing a general
embodiment for generating offer values for use 1n any of the
disclosed recourse allocation systems. The particular method
shown 1n FIG. 10 1s for an electrical resource (e.g., a genera-
tor) 1n a system for allocating electrical resources, but this
usage should not be construed as limiting. The method of
FIG. 10 can be performed using computing hardware (e.g., a
computer processor or a specialized integrated circuit). For
instance, the method can be performed by a computer at a
supplier’s locale, a computer coupled to an electrical genera-
tor, or by specialized hardware (e.g., an ASIC or program-
mable logic device) coupled to the electrical generator. Fur-
thermore, 1t should be understood that the method acts 1n F1G.
10 do not necessarily occur 1n the 1llustrated sequence.

[0125] At1010, an offer value indicative of a value at which
clectricity can be supplied by a generator for a current (or
upcoming) time frame 1s computed. In the illustrated embodi-
ment, and as explained above, the offer value 1s based at least
in part on any one or more of the values discussed above with
respect to FIG. 7 (e.g., any one or more of the dispatched
index values described above with respect to FIG. 7, includ-
ing the dispatched index values from the local market and/or
the dispatched index values from the futures market). Any of
these values can be computed locally at the electrical device,
or can be transmitted from the one or more central computers.
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The offer value can also be additionally based at least 1n part
on a startup cost for supplying the electricity, a shutdown cost
for supplying the electricity, and/or a remaining number of
time frames available 1n an operating license associated with
the electricity as described above (e.g., using a weighted sum
or other technique).

[0126] At 1012, the ofler value 1s transmitted to the one or
more central computers (e.g., one or more computers that
manage and operate a local resource allocation market by, for
instance, conducting the auction process for the market)
along with a value indicative of a quantity of electricity that
can be supplied by the generator during the current time frame
(or next upcoming time frame) (e.g., using suitable commu-
nication means, such as the Internet or other network).

[0127] At 1014, an indication of a dispatched value for a

current (or upcoming) time frame 1s received from the one or
more central computers. In certain embodiments, a value
other than the dispatched value but which 1s indicative of the
dispatched value 1s received. For example, the value can
indicate a difference between a last dispatched value and a
newly dispatched value. As noted, the one or more central
computers can transmit other information as well (e.g., one or
more of dispatched index value(s) from a futures market,
averages ol the dispatched index values from the futures
market and/or the local market, or standard deviations of the
dispatched index values from the futures market and/or the
local market).

[0128] At 1016, the dispatched value 1s compared to the
offer value, and the generator 1s activated in response to the
comparison.

[0129] Any combination or subcombination of the dis-
closed method acts can be repeated after a fixed period of time
(e.g., a time period of 15 minutes or less, 5 minutes or less, or
other such time period). In certain embodiments, some of the
values are reused for subsequent time frames. Furthermore,
there are instances when the offer value 1s used as a bid in the
market-based resource allocation system. For example, when
the electrical resource 1s configured with an emergency trans-
ter switch for supplying particular consumers 1n the power
or1d, then the offer value can be used as a bid value along with
a value indicative of a magnitude of electrical load the gen-
erator can remove from the power grid.

10130}

[0131] Some resources cannot change their production or
consumption output more than a certain amount within a
single time frame. In this case, the resource being oflered 1s
not the quantity, but the change in quantity. This situation can
be handled by treating the change in quantity as a distinct
resource rather than as an extra feature of an existing
resource. This way, resources for which ramp rates apply have
an extra resource allocation strategy, which can be handled
separately and independently. This strategy also helps main-
tain the mndependence of each resource as regards 1ts alloca-
tion.

10132]

[0133] Fach consumer and producer can engage 1n both
demand and supply of any number of resources. For example,
a producer may offer to supply a quantity of X at index A,
while simultaneously requesting a quantity ol Y at index B. IT
the producer depends on having Yin order to produce X, 1t
addresses the risk of losing access to Y while still having to
produce X by either adjusting the offer and request indexes, or

I. Ramp Rates

J. Multiple Resources
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ensuring that 1t has an alternate source forY or 1s ready to pay
the penalty for not delivering X. The same considerations
apply for consumers.

[0134] K. Effect of Constraints

[0135] Frequently situations arise where a resource that 1s
available 1n one part of a service provider’s system cannot be
delivered 1n 1ts entirety to another part of the same system.
Such delivery constraints can be addressed by segregating the
system 1nto two separate resource allocation systems that
operate independently. For example, the system with surplus
resources can make a supply offer into the system with a
deficit, and the system with a deficit can make a consumption
request from the surplus system. Each system can dispatch its
own index value, i1n which case the index difference will
represent the impact of the constraint on both systems. In
some embodiments, the aggregator resource allocation sys-
tem can credit a capacity expansion account, which 1s used to
support the improvement of the connection between the two
such that the constraint 1s eventually addressed.

[0136] L. Capacity Management Market

[0137] Theresource allocation system described above can
also be operated as a capacity management market. A capac-
ity management market can be viewed as a special case of the
transactive market that attempts to manage congestion in its
local market (e.g., a market at the distribution feeder level).
The congestion limit may be caused by local conditions, such
as thermal conductor ratings, or for higher level reasons, such
as the reduction of localized congestion on sub-transmission
networks, or any combination of the above. In the discussion
below, the congestion limait 1s 1llustrated as being applied at
the feeder level to reduce peak demand, though this usage
should not be construed as limiting.

[0138] The transactive controllers described herein deal
with bidding the price and quantity of a load into the auction,
termed the “responsive” load. However, the supplier bids and
the non-bidding loads on the system (such as lights, refrig-
erators, or losses) are also desirably accounted for and bid
into the auction. The non-bidding loads are called “unrespon-
stve’”” loads, because their demand does not change as a func-
tion of price. In certain embodiments, the operator of the
capacity management market fills the role of supply bidder,
while also accounting for the unresponsive loads. To bid the
supplier curve, the operator of the capacity management mar-
ket bids the congestion limit at the uncongested market price.
FIG. 11 1s a graph 1100 1llustrating the resulting supply curve
that 1s formed. In particular, FIG. 11 shows that when the
congestion 1s bid and forms the only bid in the market, a
vertical line 1110 1s formed at the congestion quantity to the
price cap of the market. In general, the uncongested market
price 1s the bulk cost of electricity plus mark-up, such as the
Locational Marginal Price (“LMP”), or any other appropriate
price signal, such as direct purchase of power from distributed
generators.

[0139] Another typical objective of the operator of the
capacity management market 1s to estimate the total amount
of load on the feeder and then determine what portion of the
load 1s responsive versus unresponsive to the price signal. The
total load can be measured directly from the equipment
requiring the capacity limit, such as a substation transformer.
The currently responsive load can be determined from the
control bids received from transactive controllers. In particu-
lar embodiments, for example, the transactive controllers
transmit their current operational state at the market intervals
in addition to the other information associated with their
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demand bids. In one embodiment, the currently responsive
load 1s determined by summing the quantity of the demand
currently in an active (or “ON”) state as follows:

N (4)
Qresp = Z Opid_pn * State,
|

where state equals “0” 1 the electronic device 1s OFF, and 1™
if the electronic device 1s ON, and N 1s the total number of
submitted bids. The unresponsive load 1s then determined by
subtracting the responsive load from the total load. The unre-
sponsive load quantity 1s then bid into the market at the
market price cap (or some other value that 1s greater than the
other bids) by the operator of the capacity management mar-

ket, as shown by line 1120 in FIG. 11.

[0140] During periods of time when the total load 1s less
than the capacity limit, the electronic devices will respond by
adjusting their setpoints to the current market price. However,
when the total load tries to exceed the capacity limait, the
capacity management market will increase the price of elec-
tricity to limit the quantity at the capacity limait, effectively
reducing the total load to within the constrained limaits.

[0141] M. Exemplary Market Clearing Scenarios

[0142] Any one or more of the exemplary market clearing
scenarios described below can be utilized or experienced 1n
embodiments of the resource allocation systems described
herein. For example, the one or more central computers used
to manage and operate a local resource allocation market can
determine the dispatched index or market clearing price using
any ol the technmiques described below, depending on the
bidding scenario presented.

[0143] Market clearing begins with the sorting of both buy-
ing and selling components. In certain embodiments, buyers
are sorted from highest price to lowest price. Sellers are sorted
from lowest price to highest price. In certain embodiments,
buyer and seller curves are then created by the cumulative
sum of the quantities associated with these sorted prices. In
particular implementations, the curves are implemented as
computer-usable representations of the curves that are com-
puted and stored once the necessary mput data 1s recerved.
The representations of the curves can comprise, for example,
arrays ol values or other computer-usable data elements or
structures. The two, sorted curves can then be overlaid or
otherwise analyzed to determine an intersection between the
curves. For example, each curve can be considered to move
from one extreme in price to the other (e.g., the buyer curve
will traverse from a +co price to a —co price, and the seller
curve will traverse from a —o price to a +oo price. In FIGS.
12-23 discussed below, these extremes occur at the zero-

quantity location and after all seller or bidder quantities are
bid (right edge of the bid curve)).

[0144] In general, the market clears at the intersection of
the buying and selling curves of the market. According to
certain embodiments of the disclosed technology, for a dis-
crete bidding scenario, four distinct, valid clearing situations
are supported. The resulting clearing price and quantity are
slightly different for each scenario and are desirably handled
approprately. Two more invalid, or failure, scenarios are also
possible. For each scenario presented 1n FIGS. 12-23, buyers
are represented in the descending curve and sellers are rep-
resented 1n the ascending curve, and the final market clearing
point 1s designated by a circle or point. There are five distinct
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buyers and four distinct sellers in each of the four, valid
market clearing examples. The two other clearing scenarios
(failure and null) follow the same convention, but may have
different numbers of buyers and sellers.

[0145] The first example market clearing scenario 1s shown
in graph 1200 of FIG. 12. The buyer bids have been sorted by
descending price, and the seller bids have been sorted by
ascending price. In this scenario, the intersection point of the
buying and selling bid lines 1s at the edge of a buyer quantity,
but not at the edge of a seller quantity. When this happens, the
partially accepted seller 1s considered the marginal seller. In
this example, the clearing price of the market 1s this marginal
seller’s bid price, and the clearing quantity 1s the sum of all of
the buyers’ quantities for which the bid was higher than the
marginal seller’s bid price.

[0146] In the market clearing portrayed in FIG. 12, three
buyers submitted bids at or above the clearing price. Three
sellers submitted bids at or below the clearing price. The three
buyers accept the market clearing price and purchase their
desired quantities from the market at the clearing price. The
two lowest cost sellers sell their bid quantities into the market
at the clearing price. The third seller becomes the marginal
seller. It gets the price of the market, but the market only needs
part of 1ts bid quantity. The marginal seller will only produce
a partial output, and may need to track the specific require-
ments of the system.

[0147] In the context of an electrical power market, the
marginal seller would be the marginal generator. As the load
varies a little bit over the current market interval, the marginal
generator will adjust its output to match the demand of the
system. Utilizing frequency as the metric for tracking, the
generator could adjust 1ts output appropnately. If the load
increased, the frequency would decrease and the marginal
generator would need to increase its output. If the load
decreases, the frequency will increase and the marginal gen-
erator needs to reduce 1ts output.

[0148] A second example market clearing scenario 1is
shown in graph 1300 of FIG. 13. This scenario 1s the converse
of the first scenario. Here, the buyer and seller curves intersect
at an edge of a seller curve, but not at the edge of a buyer
quantity. Similar to the marginal seller condition, the buyer 1s
now referred to as the marginal buyer. The market clearing,
price 1s set at the bid price of this marginal buyer. In this
example, the market clearing quantity 1s set to the sum of the
quantities of the sellers whose bids are less than the marginal
buyer’s price.

[0149] As with the previous example, three buyers submiut-
ted bids at or above the clearing price. However, only two
sellers submitted bids at or below the clearing price. In this
example, the two sellers accept the clearing price of the mar-
ket, and both sell their full quantities for the market clearing,
price. The first two buyers are satisfied with the market, so
they buy their full desired quantity at the clearing price. The
third buyer gets the price of the market, but there 1s not enough
supply to meet its demand. As a result, a proportional
response (or no response) will be necessary to meet the clear-
Ing criterion.

[0150] In the context of an electrical power market, there
are a couple of possible methods for handling the marginal
buyer quantity. The first method 1s to consider the marginal
buyer to be a device capable of proportional output, like a
battery charger. Rather than requiring a 100% charging rate,
it will provide a proportional amount of that rate. Unfortu-
nately, this method typically only works if the marginal quan-
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tity 1s a single object. If the marginal quantity i1s actually made
up of several buyers (at the same price), this strategy becomes
more difficult. For instance, 11 the marginal quantity 1s made
up of several buyers, the buyers desirably regulate themselves
independently such that in the aggregate they do not exceed
the clear quantity. This can be done, for example, by throttling
the buyers individually to the fraction ol the marginal quantity
actually cleared, or by using a random number (e.g., a Ber-

noulli distributed random number) to determine whether each
unit should run during the next interval.

[0151] An alternative 1s to use a method similar to the
marginal generator. For example, the marginal loads can all
monitor the system’s frequency. Utilizing a controller that
monitors grid frequency and adapts in response to the fre-
quency (e.g., a grid Iriendly appliance controller (“GFA™)),
loads can adjust accordingly. If the frequency drops, it means
the marginal load 1s too great, so each marginal load would
reduce 1ts output. If the frequency increases, the marginal
load 1s too small and needs to increase to balance out the fixed
generation. Marginally load controlled by a GFA controller 1s
basically the converse of the generator case.

[0152] A variation on the second marginal buyer in power
systems method still utilizes a device like the GFA. However,
rather than only the marginal load arming the GFA function-
ality, all GFAs 1n the system are armed. The regulation price
of the system 1s set to the marginal clearing price. Any device
that exercises 1ts GFA functionality during this time wall
receive compensation at the regulation price. This method
helps increase the pool of marginal load since devices below
the clearing threshold may still elect to participate 1n this
regulation market.

[0153] Graph 1400 of FIG. 14 represents a third market
clearing example. Here, the intersection of buyer and seller
curves 1s at the same quantity, but at different prices. The
intersection point occurs on an edge of both the buyer and
seller quantity curves. In this example, the quantity is set to
the intersection point of the two curves. This quantity 1s either
the sum of all sellers’ quantities with a bid less than the
“marginal” seller bid, or the sum of all buyers’ quantities with
a bid higher than the “marginal” buyer bid. However, in some
embodiments, the price 1s desirably taken as the average price

of the two intersecting bids. For example, the clearing price
can be determined as:

(BidSﬁ'Her + Bidﬂuyer) (5)
5 :

Pricecieq =

[0154] In the market scenario of FIG. 14, three buyers
submitted bids at or above the clearing price of the market,
and three sellers submitted bids at or below the clearing price.
In this case, all three buyers” and all three sellers” bidding
quantities are met (since the cumulative sum of the cleared
bids 1s the same for both buyers and sellers). Due to the unique
nature of this clearing condition, a compromise 1s made
between the lowest cleared buyer bid and highest cleared
seller bid. In this example, the final clearing price 1s not set to
either of their values, as was the case with the marginal buyer
or marginal seller scenarios above. Rather, the clearing price
1s set as the average of the cleared buyer and seller bids. This
allows both lower bid sellers and higher bid buyers to
respond. However, 1t prevents the subsequent buyer and seller
quantities from meeting the clearing price.



US 2012/0278221 Al

[0155] The scenario of FIG. 14 1s not always as straight
torward. Graph 1500 of FIG. 15 shows a scenario where the
next seller bid also meets the desired clearing point. Graph
1600 of FIG. 16 shows the same scenario from a buyer per-
spective. In order to help ensure the proper bidders respond to
the cleared market, the clearing price are desirably adjusted
accordingly. For example, the final clearing price can be
turther constrained by the next buying and selling sorted bids.
The final clearing price can be selected as the point that 1s
closest to the 1deal clearing price, but ensures the subsequent
buyer and seller bids are not valid clearing conditions of the
market. The maximum and minimum of this further con-
straint are determined by the specific bidding scenario.

[0156] Ingraph 1500 of FIG. 15, the next seller bid does not
exceed the 1deal clearing price. To ensure proper operation
and that this device does not activate, the price associated with
this bid 1s desirably above the final clearing price. This “next”™
bid price serves as a non-inclusive maximum for the clearing,
price. Therefore, the clearing price will have to be slightly
below this “next” seller bid. Typically, this will be $0.01
below the next seller bid price.

[0157] Graph 1600 for FIG. 16 shows a similar behavior
with buyer bids. The next buyer bid does not fall below the
ideal clearing price. Therefore, this device would assume 1t
was the marginal quantity and activate. To prevent this, the
final clearing price 1s desirably set slightly higher than this
bid. In a manner similar to the previous seller curve example,
the “next” buyer bid serves as a limit for the clearing price.
However, 1n this scenario, the “next” buyer bid serves as a
non-inclusive lower limit for the market clearing price. The
final clearing price of the market must then be slightly above
this “next” buyer bid. Again, this may be on the order of a
$0.01 increase (or other small incremental amount) above the
next buyer bid.

[0158] Another valid scenario is actually a variation on the
scenario shown in FIG. 14. Graph 1700 of FIG. 17 1s an
example showing the situation when both the buyer and seller
clearing quantities and clearing prices match exactly. In this
case, the clearing price 1s the intersecting price (common for
both buyer and seller). The clearing quantity is the sum of all
buyers with bid prices equal to or greater than the clearing
price, or the sum of all sellers with bid prices equal to or lower
than the clearing price. Approaching the clearing point from
cither the seller or buyer curves should yield identical results.

[0159] As indicated, this scenario 1s a variation on the
example shown 1n FI1G. 14. Three buyers and three sellers are
satisiied by the market clearing criterion. The clearing buyer
and seller both agree on an exact price, so the clearing price 1s
casy to determine. The cumulative sum of all buyers whose
bid was greater than or equal to the clearing price 1s equivalent
to the cumulative sum of all sellers whose bid was less than or
equal to the clearing price.

[0160] A fourth scenario for the market 1s for the market to
tail to clear. This will happen when there 1s insutlicient supply
to meet the highest bid-price buyer. Graph 1800 of FIG. 18
provides a common example of this condition. In the full
market scenario, there may be buyers on the system that are
not participating 1n the market. These “unresponsive buyers”™
need to be satisfied before any bidding buyers are handled. In
the market, the quantity requested by these devices (estimated
or known) 1s bid into the market at the price cap. This ensures
it 1s met by the seller curve before any responsive loads are
considered. In an electrical power market example, these
unresponsive buyers would be end-use devices that are not
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submitting bids into the market, or losses on the distribution
system. The market must cover and serve the unresponsive
loads and losses before 1t can handle responsive devices.
[0161] Inthe scenario of FIG. 18, all seller quantities fail to
meet the highest buyer bid requirements (typically due to an
unresponsive buyer). In such a scenario, the market simply
fails to clear. The intersection point of this market will occur
at the total seller quantity and the price cap. This 1s effectively
a marginal buyer condition of FIG. 13.

[0162] Another clearing scenario 1s 1n a stmilar category to
the market failure of FIG. 18. On the other end of the spec-
trum, suppose the buyers and sellers do not agree on a bid
price at all. FIG. 19 includes graph 1900 illustrating this
scenar1o, the Null market clearing scenario. As the buyer and
seller curves demonstrate, there 1s no intersection point for an
agreeable price and quantity. The lowest priced seller 1s
higher than the highest priced buyer.

[0163] In the null market scenario, the price poses a prob-
lem. If set to the price cap, no buyers would activate, but all
sellers would activate. It set to O or the negative price cap, all
buyers would activate, but no sellers would be present to meet
the demand. A price signal to keep both parties from respond-
ing 1s between the highest buyer bid and the lowest seller bid.
A variation on the equation from the third scenario above 1s to
compute an average price, given as:

PI"iCECgEﬂr _ (BidLGWEerE'HEr + BidHEghfsrﬂuyfr) (6)
2
[0164] The resulting price 1s higher than any buyer, so no

buyers will be activated. The price 1s lower than any seller, so
none of the sellers will be activated. The market desirably
includes an overall indicator that indicates a market clearing
tailure. However, by setting the price to a value that satisfies
neither buyers nor sellers in the market, responses to a failed
market should be mitigated.

[0165] According to certain embodiments of the disclosed
technology, the market can only clear in one of these sce-
narios. Some more complex clearing situations can occur, but
they are typically related to the base cases introduced above.
Graph 2000 1n FIG. 20 demonstrates a variation on the mar-
ginal seller case of FIG. 12. Despite the intersecting bids
having the same price, this scenario can be treated as 1dentical
to FIG. 12. The three highest buyer bids are satisfied by the
market and these buyers purchase their desired quantities.
Two sellers are below the clearing price, so they accept the
market price and sell their tull quantities into the system. The
third seller 1s at the clearing price, but its full quantity 1s not
needed. This seller gets the clearing price and acts as the
marginal seller in the market. It will only provide part of its
tull output, and may need to track the buyer demand around
that output point.

[0166] Graph 2100 1n FIG. 21 shows a similar example
where the clearing price 1s again clear. However, the quanti-
ties once again do not properly align. This case 1s merely a
special case of the scenario presented in FIG. 13, or a mar-
ginal buyer scenario. The clearing price of the market 1s clear.
Only the sellers with bids at or below the clearing price accept
the market clearing value, and only buyers with bids at or
higher than the clearing price accept the cleared market.
Unfortunately, there 1s more demand from the buyers than
there 1s supply from the sellers. As such, the buyer with the
market clearing bid will not be able to have their full bid
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quantity satisfied. This buyer will consume only the appro-
priate portion of their bid quantity.

[0167] Ifthe capability for unresponsive buyers is included,
that scenario desirably factors into the market clearing as
well. Once the unresponsive load quantity 1s known or esti-
mated, 1t 1s bid 1into the market as a buyer quantity with a large
price (e.g., the price cap). Graph 2200 of FIG. 22 shows how
unresponsive buyers fit into the “five bidder, four seller”
example for the four valid market clearing scenarios. The
unresponsive buyers effectively become a bidding quantity
that 1s always met first. Only once the needs of these unre-
sponsive buyers are satisfied, will responsive buyer devices
be able to interact with the market. If the needs of the unre-
sponsive buyers are greater than the seller supply, the market
tailure case of FIG. 19 will occur.

[0168] A variation on FIG. 22 and FIG. 18 occurs between
the two conditions. A case 1n which the available seller quan-
tities only meet the unresponsive bidder demand 1s 1llustrated
in graph 2300 of FI1G. 23. Desirably, the clearing price in this
scenar1o would be the price cap of the system. This would
enable all of the seller quantities, and only the unresponsive
bidder quantity. However, such a “price cap bid” 1s typically
significantly larger than other bids on the system. Under such
a scenario, this bid would severely skew the output statistics
on the market. To prevent this large skew, the clearing price 1s
adjusted slightly. Similar to the conditions 1 FIG. 15 and
FIG. 16, the final clearing price desirably still ensures all
sellers are producing, but only the unresponsive buyers are
consuming. As such, the marginal seller’s price becomes the
non-inclusive lower limit of the clearing price. The clearing,
price will then be set slightly above this price. This will help
ensure that all sellers on the system are activated, but no
responsive buyers meet the price criterion.

IV. Detailed Exemplary Embodiments of Two-Way,
Transactive Controllers for
Thermostatically-Controlled Equipment

[0169] The techniques mntroduced in this section can be
applied to transactive controllers for thermostatically con-
trolled equipment. The transactive controllers are capable of
transmitting bids to the resource allocation system. For illus-
trative purposes, the control 1s assumed to be for space heat-
ing and cooling (e.g., in residential or commercial buildings).
In particular, the control 1s assumed to be for an HVAC unat.
The approach can be extended to other contexts as well (e.g.,
clectrical charger; electric vehicle charger; or any other elec-
trical system having variable performance states that can be
controlled using two opposing bid curves).

[0170] In embodiments of the disclosed technology
described below, thermostatically controlled heating and
cooling modifies conventional controls by explicitly using
market information obtained through interaction with a
resource allocation system, such as any of the resource allo-
cation systems introduced above in Section II and III. In
particular, exemplary embodiments use bid and dispatched
index value information. In the discussion below, bids and
dispatched index values are sometimes referred to in terms of
a cost or price. It 1s to be understood that this “cost” or “price”
can represent an actual monetary cost or price, or an index
value 1n terms of the relevant resource allocation index. Fur-
thermore, the dispatched index value from the resource allo-
cation system 1s sometimes referred to herein as the “clearing
price”.
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[0171] In certain embodiments, a thermostatic controller
(sometimes referred to as an enhanced programmable com-
municating thermostat (“ePC17")), operates using one or
more data input from a user (e.g., input via a user interface at
the controller or at a computer that controls the thermostatic
controller). In particular implementations, the user inputs
include a desired temperature for an HVAC cooling mode, a
desired temperature for an HVAC heating mode, and a com-
fort setting indicative of a degree to which a user 1s willing to
tolerate temperature deviation from the desired temperatures
in favor of possible cost savings. In certain embodiments,
additional information can also be input by the user. This
additional information can include, for example, any one or
more of an absolute maximum temperature and an absolute
minimum temperature for an HVAC cooling mode, and an
absolute maximum temperature and an absolute minimum
temperature for an HVAC heating mode. Embodiments of the
thermostatic controller thermostatic controller also operate
using market data (e.g., price data recerved from a central
computer that operates the local resource allocation market).
In particular implementations, the market data includes a
most recent clearing price for the local resource allocation
market (e.g., the price of the current time frame or the 1mmi-
nent upcoming time frame). As noted above, 1n certain
embodiments, the market data can include price information
from a futures market (e.g., a day-ahead market). The market
data received can also include additional market information,
such as a nominal (or average) price over a certain number of
time frames and a standard deviation (or normalized standard
deviation) of the price over the time frames. In some embodi-
ments, this additional data 1s computed by the thermostatic
controller itself. From the received information, the thermo-
static controller can compute a bid price and a bid quantity.

[0172] The data elements that are involved in operating
certain exemplary embodiments of the disclosed thermostatic
controller are summarized 1n Table 1 below. It 1s to be under-
stood, however, that the identified data 1s by way of example
only, and that other embodiments use other data and/or a
subset of the data shown 1n Table 1.

TABL.

L1l

1

Data Elements for an Exemplary HVAC Thermostatic Controller

Description Symbol Units or Possible States
Nominal (or Average) Price P_. $/MWh

Standard Deviation of Price Op $/MWh

Clearing Price P i $/MWh

Bid price P;., $/MWh

Bid Quantity Q. kW

Desired Temperature T, Degrees (Fahrenheit

or Celsius)

Degrees (Fahrenheit
or Celsius)

OFF, HEATING,
COOLING, or AUTO
Degrees (Fahrenheit
or Celsius)

Degrees (Fahrenheit
or Celsius)

Degrees (Fahrenheit
or Celsius)

Degrees (Fahrenheit
or Celsius)

Comiort Setting k None

Current Observed Temperature T

CLYrent

Operating Mode mode

Absolute Max. Temp., Cooling T

max.abs, cool

Absolute Min. Temp., Cooling T

minabs, coof

Absolute Max. Temp., Heating T

max.abs, heat

Absolute Min. Temp., Heating T

minabs, heat

[0173] In particular implementations, for a current or next
upcoming time frame of the local resource allocation market,



US 2012/0278221 Al

the thermostatic controller receives the nominal or average
price, P_ . which 1s computed from the clearing price from a
set of time frames; the standard deviation of the price, o5,
during the same set of time frames; and the most recent
market clearing price, P_,_ . The thermostatic controller then
computes a bid for a next time frame following the time frame
associated with the clearing price and transmuits the bid to the
central computer for submission into the auction process. In
particular, the thermostatic controller outputs a bid price,
P,. , and a bid quantity, Q, . , which typically represents the
amount of electricity needed to operate at the desired pertor-
mance state. In some embodiments, each participating appli-
ance on the user’s premises generates 1ts own bid and a home
energy management (“HEM”) system collects all bids and
submits them periodically to the central computer (e.g., at
fixed intervals corresponding to the time frames with which
the local resource market operates, such as five-minute incre-
ments). In other embodiments, the participating appliances
submit their bids directly or at least some of the appliances
submit their bids directly to the central computer.

[0174] A. Considerations for Generating Demand Bids for
HVAC Systems

[0175] In certain embodiments, the transactive thermo-
static controller uses the inputs P_,__ ., P _and o,to compute
the demand price P, .. Further, the transactive thermostatic
controller uses the current operating conditions of the HVAC
system to determine the quantity of energy, Q, 10 bid for
(e.g., data concerning whether the HVAC system 1s 1n a cool-
ing or heating mode and data concerning the operating power
necessary for continuing or beginning to operate in such
mode for the next interval). To compute the demand price,

P, . ., data concerning other control parameters for the HVAC
system can also be used. The control parameter data can
include, for instance, an observed temperature 1 a space
controlled by the controller, T . a desired temperature,
T , ., Tor the current operating mode (also referred to as the
“base set point” or just “set point™), a current operating mode
(e.g., OFF, HEATING, COOLING, or AUTO), and a com{iort
setting, k. In certain implementations, mode-specific absolute
maximum and minimum temperatures are also considered.
The comiort setting k can be a sliding scale value between a
mimmum setting (representing maximum comiort) and a
maximum setting (representing maximum savings). For illus-
trative purposes, the discussion below assumes that the com-
fort setting k 1s between 0 and 1. It should be understood that
any comiort setting range or resolution among settings can be
used. In general, the comiort setting k indicates the user’s
preference for comiort versus cost savings in the transactive
thermostatic controller’s demand response. Any of these val-
ues (e.g., the desired temperature, absolute max/min tempera-
tures, and comiort slider setting) can change over time based
on the transactive thermostatic controller’s schedule set by
the user. For example, the desired temperature can change
depending on the time of day and/or the day of the week. Such
changes to daily and weekly schedules can be set by the user
via a user iterface at the transactive thermostatic controller
itself or by a computer being used to implement or control the

transactive thermostatic controller.

[0176] Incertain embodiments of the disclosed technology,
the computation of the bid price 1s based on a bid curve that
relates price to a desired temperature. In particular implemen-
tations, the bid curve 1s computed based on gain (or ramp ) and
limit values associated with the comifort slider setting.
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Although a variety of methods can be used to determine the
gain and limit values, one exemplary technique 1s 1llustrated

in Table 2 below.

TABLE 2

HVAC Gain and Limut Settings for Comifort vs. Savinegs Slider Settings

Absolute High High
Comifort  Comifort Savings
Description Symbol (k=0.0) (k=0.2) (k=1.0)
Heating mode upper gain Kz o7 N/A 4 2
Heating mode lower gain Ker 1 N/A 4 2
Heating mode upper dy o 0 1 5
temperature deviation limit
Heating mode lower d 7 0 2 10
temperature deviation limit
Cooling mode upper gain Ko o N/A 4 2
Cooling mode lower gain ke 7 N/A 4 2
Cooling mode upper de o 0 2 10
temperature deviation limit
Cooling mode lower de 7 0 1 5

temperature deviation limit

[0177] The first column 1n Table 2 1dentifies the purpose
and name of the gain or limit value. The second column 1n
Table 2 1dentifies the symbol for the gain or limit value. The
third column 1n Table 2 value indicates that for a comfort
value k of O, then special rules apply. In the embodiment
represented by Table 2, when the comifort value 1s 0.0, the
transactive thermostatic controller operates in a special mode
(sometimes referred to as the “absolute comifort” mode) 1n
which the controller does not use a ramped bid curve. Instead,
when operating 1n this mode, the transactive controller
strictly follows the temperature set points entered by the user.
In this mode, the bid price 1s set at or near the price cap or
maximum price (P, ...) and the commanded temperature
deviation 0T (discussed in more detail below) 1s set to zero.
This mode 1s also used to implement a manual override 1ni-
tiated by a user (e.g., 1f a user selects a desired temperature
and activates a “hold temperature” or “HOLD TEMP” mode
of the transactive controller). The fourth column 1n Table 2
shows the gain (or ramp) and limit values for when k 1s set to
an increment above O (for example, k=0.2). These values are
labeled the “high comifort” settings. The fifth column in Table
2 shows the gain and limit values for when k 1s set to 1ts
highest setting (1n this example 1.0). These values are labeled
the “high savings™ settings. For comfort level values between
0.0 and 1.0, an 1nterpolation can be performed based on the
high comiort settings and the high savings settings to com-
pute the corresponding gain and limit values. In other
embodiments, the gain and limit values for various comifort
settings are stored 1n a file, look-up-table, or other memory
storage means, which can be accessed and loaded when the
comifort setting 1s changed. Furthermore, the gain values
K. ;. K. 5K~ ;,and k. ,,can be dependent on a variable
(0) that controls the responsiveness of the controller to
changes in the comiort setting. This variable (o) can be a
utility or customer pre-defined responsiveness level. It should
be noted that the gain and limit values 1identified in Table 2 are
merely representative examples, and other values can also be
used. Additionally, 1n some embodiments, the gains and lim-
its are independently variable and input by the user or from
some other source. Still further, in certain embodiments,
some of the gains and limits are independently controlled
(e.g., the limits) while some of the gains and limits are depen-
dent on a user comiort setting (e.g., the gains). Additionally,
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in certain implementations, the user can override any selected
one of the gains and limits without disturbing the values of the
remaining gains and limaits.

[0178] The following sections describe in more detail how
the gain and limit values can be used 1n exemplary embodi-
ments of the disclosed to compute a bid curve for when the
HVAC system 1s operating 1n a cooling mode and 1n a heating
mode.

[0179] B. Exemplary Embodiments for Computing Cool-
ing Mode Bid Curves

[0180] FIG. 24 1s a diagram 2400 showing an exemplary
bid curve 2410 for the cooling mode. The exemplary curve
2410 1s a piecewise linear curve that maps the demand
response of the HVAC system 1n 1ts cooling mode as a func-
tion of the desired temperature (T , ) (also referred to as the
“cooling mode base set point” or “cooling mode set point™)
and the selected comfort setting k. The curve 1s further deter-
mined by the mimimum and maximum temperature values,
which can be determined from the user’s comfort setting or
from a value input directly from the user. In particular imple-
mentations, the curve 1s implemented as a computer-usable
representation of the curve (indicating, for instance, the mini-
mum temperature (1, . ), the desired temperature (T ,_.), the
maximum temperature (T ), as well as the gain and limit
values or some other indication of the slopes between these
temperatures) that 1s computed and stored once the necessary
input data 1s received. This representation of the curve can
comprise, for example, an array of values or other computer-
usable data element or structure. Further, this representation
can be used for both bid determination and temperature set
point adjustment. Once the bid curve 1s determined, bid deter-
mination proceeds 1n a straightforward fashion. In particular
embodiments, the current observed temperature (1_,.) 1s
detected at the transactive thermostatic controller (or at one or
more thermometers in the area controlled by the transactive
controller) and 1s used in the bid determination process. In
certain exemplary embodiments, the bid price (P, ;) 1s deter-
mined as follows:

( Pt:ap,min Tﬂ'b.i < Tmin (7)
Tﬂb.i - Tmin
Pmin + ‘-Tp(PavE - Pmin)( ) Tmin = fops < Tdfs
Tdfs - Tmin
Ppig = 3 :
Tobs - Tdfs

Pave + G-p(Pmax — PHFE’)( ) Tdfs = Tﬂbs = Tmax

Tmax - Td €s

Tmax < Tﬂb.i

\ P Cap NAX

Where Tmz'ﬂ:max(Tdes_dC‘_LﬂTmm,abs,coof)? Tmax:mln(Tdes-l-
— —_— it —
dC_UﬂTrﬂaI,abs,cc}af)ﬂ Pmiﬂ Pave Trﬂiﬂ kC‘_L(O)ﬂ Pmax Pave-l-

T *K. ;{o0),andd, ,,d~ k- ;,andk,. ,rareasshown
in Table 2, where o is a utility or customer pre-defined respon-
stveness level with a value between 1 and 3, and k. ,, and
k. ,rare functions of o. The steepness of the curve shown in
FIG. 24 1s related to the gains given in Table 2, which shows
that the comfort setting can directly affect the shape of the
curve and the calculated bid price. For instance, and with
reference to the example curve 2410, the curve illustrated in
FIG. 24 1s computed from a desired temperature value T, of
73 and a comiort setting k o1 0.6. Thus, and according to Table
2, the value ot k. ., 1s 3, the value ot k. ., 15 3, the value of

d- . 18 6, and the value ot d. , 15 3.

[0181] Furthermore, 1n the 1illustrated bid curve 2410, the
observed current temperature T ,_ 1s greater than the T ,__,
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which means that the value of P, . ,will be greater than P . In
other words, because the temperature at the user’s premises 1s
warmer than desired, the user 1s willing to pay higher than the
average energy prices to achieve a cooler temperature. The
amount to which the bid price will be increased over the
average price P___, however, 1s dependent on the gain and
limit values, and therefore on the user’s comfort settings. By
contrast, 11T _, were coolerthan T , , P,. wouldbe less than
P _ . Exemplary techniques for determining the temperature
set point adjustment for the cooling mode are discussed
below.

[0182] Pre-cooling and load curtailment occur when the
price 1s lower than average and higher than average, respec-
tively. The two portions of the bid curve 2410 1n which pre-
cooling and load curtailment occur are illustrated as “pre-
cooling” portion 2420 and “load curtailment™ portion 2422.
For instance, and as can be seen by the cooling mode bid
curve 2410 1n FI1G. 24, the bid curve 2410 indicates that when
market prices are higher than the average, the load will be
reduced or curtailed as a result of the “load curtailment™
portion 2422, and the air conditioner will be activated less.
This reduces energy consumption and saves money when
prices are relatively high. On the other hand, when market
prices are lower than average, the air conditioner 1s activated
as a result of the *“pre-cooling” portion 2420 1n order to
pre-cool the home or area in order to reduce energy consump-
tion during later periods when the price of energy 1s higher.

[0183] C. Exemplary Embodiments for Computing Heat-
ing Mode Bid Curves

[0184] FIG. 25 1s a diagram 2500 showing an exemplary
bid curve 2510 for the heating mode. The exemplary curve
2510 1s a piecewise linear curve that maps the demand
response ol the HVAC systems in 1ts heating mode as a
function of the desired temperature (1 ) (also referred to as
the “heating mode base set point” or the “heating mode set
point”) and comiort setting k. In the 1llustrated embodiment,
the heating bid curve 1s the negative of the cooling bid curve,
though this 1s not necessarily the case, as the variables that
control the shape of the bid curves can vary between the
heating and the cooling curve. The bid curve 1s further deter-
mined by the minimum and maximum temperature values,
which can be determined from the user’s comiort setting or
from a value mput directly from the user (as more fully
explained below). In particular implementations, the curve 1s
implemented as a computer-usable representation of the
curve (indicating, for instance, the minimum temperature
(T, . ), the desired temperature (T, ), the maximum tem-
perature (1 ), as well as the slope of the lines between these
points) that 1s computed and stored once the necessary input
data 1s received. This representation of the curve can com-
prise, for example, an array of values or other computer-
usable data element or structure. Further, this representation
can be used for both bid determination and temperature set
point adjustment. Once the bid curve 1s determined, bid deter-
mination proceeds 1n a straightforward fashion. In particular
embodiments, the current observed temperature (T _,.) 1s
determined at the transactive thermostatic controller (or at a
thermostat 1n the area controlled by the respective controller)
and used to compute the bid price (P,, ;) as follows:
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( P Cap NGX Tobs < Tmin (8)
Tr:'bs - Tmiﬂ
Pmax - G-p(Pmax - PHFE’)( ) Tmin = Iops < Tdfs
Tdfs - Tmin
Ppig = 3
P (Paye — P )(T”bs_Tdﬁ) Tes < Tops < T
ave — ave — ¥ muin es = tobs = fmax
g Tmax - Tdfs ¢ ’
X P cap,min Tnax < 1obs

where T, =max(l,.~dg /.1, apspear)s Lma—mIn(T o5+
dH_U:Tmax,abs,hear): men:Pave_Tmin$kH_L(O): Pmax:Pave-l-
1,0 Ky A0),andd,, ;,d, » Ky ;,andk, . are givenin
Table 2. As with the cooling mode example, the gains 1n Table
2 attect the shape of the bid curve 2510 and the resulting bid
price. For instance, and with reference to the example curve
2510, the curve illustrated in FIG. 235 1s computed from a
desired temperature value T, 01 68 and a comiort setting k of
0.6. Thus, and according to Table 2, the value otk,, ,,153,the
value ofk,, ;1s3,thevalueotd, ,1s3,andthevalueotd, ,
1s 6. In the illustrated example, the observed temperature 1s
cooler than desired, resulting 1n a bid price that 1s higher than
average. The temperature set point calculation for heating
mode 1s discussed below.

[0185] Pre-heating and load curtailment occur when the
price 1s lower than average and higher than average, respec-
tively. The two portions of the bid curve 2510 1n which pre-
heating and load curtailment occur are 1illustrated as “pre-
heating” portion 2520 and “load curtailment” portion 2522.
For instance, and as can be seen by the heating mode bid curve

2510 1n FIG. 25, the bid curve 2510 indicates that when

market prices are higher than the average, the load will be
reduced or curtailed as a result of the “load curtailment™
portion 2522, and the heating system will be activated less.
This reduces energy consumption and saves money when
prices are relatively high. On the other hand, when market
prices are lower than average, the heating system 1s activated
as a result of the “pre-heating” portion 2520 in order to
pre-heat the home or area 1n order to reduce energy consump-
tion during later periods when the price of energy 1s higher.

[0186] D. Considerations for Adjusting the Set Point of the
Transactive Thermostatic Controller

[0187] Exemplary embodiments of the disclosed transac-
tive thermostatic controller use the clearing price (P _, ) and
the bid curves described above to calculate a delta command
(0T), which 1s used by the controller to adjust the current
desired temperature set point. The delta command can be
computed by the controller itself or by a central computer that
controls or implements the controller.

[0188] By adjusting the desired temperature set point, an
HVAC load can be reduced 1f prices are above average, or
increased if prices are below average. The following sections
explain how the delta command 1s computed for when the
HVAC system 1s operating in cooling mode and for when the
HVAC system 1s operating in heating mode.

[0189] E. HVAC Cooling Mode Delta Command Compu-
tations
[0190] When the HVAC system 1s operating 1n cooling

mode, the cooling mode bid curve 1s also used to determine
the adjusted set point 1, ,,. In certain embodiments, the
following equations are used to compute the adjusted set
point T from the cleared price P_,__:

sef.adj clear:
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In order to effect the change to the set point, a delta value (6T)
indicating the difference between the current set point and the
new set point can be computed and used by the transactive
thermostatic controller. In particular embodiments, the delta
value (07T) 1s computed as follows:

6T:T5€rﬁadj_ Tdes' (1 0)
[0191] F. HVAC Heating Mode Delta Command Compu-
tations
[0192] When the HVAC system 1s operating in heating

mode, the heating mode bid curve 1s also used to determine
the adjust set point 1, ;. In certain embodiments, the fol-
lowing equations are used to compute the adjusted set point

Is.s 2 trom the cleared price P,
Isetadj = (11)
( Tmax P-::.!E-:Ir < Pmin
T 1 (T T )( ave c!ear) p < p
es T — W pmay — es min = Felear < Fave
¢ Op ¢ Pave — Pmin !
..1
T 1 T T (Pc.!mr_Pawf) p < < P
es T — Udmin — €s ave = ' clear = I max
¢ "-Tp( ¢ ) Pm-::m: — Pave !
\ Tmin Pmax < Pt:.fear
[0193] The calculation of the delta command 1s given 1n

Equation (10). In certain implementations, 1f the HVAC sys-
tem 1s 1n the “OFF” mode, then the system does not consume
energy and the bid price 1s P

cap, min’
[0194] G. Resolving Bid Curve Contlicts
[0195] When the transactive thermostatic controller 1s

operating exclusively 1n either a cooling mode or a heating
mode, the demand response of the controller 1s determined by
a single bid curve. However, when the transactive thermo-
static controller operates 1n an automatic or “AUTO” mode,
the controller may operate 1 a cooling mode or a heating
mode depending on the current observed temperature. Thus,
the controller operates using two bid curves. This creates the
potential for contlict between the two bid curves. FIG. 26 1s a
diagram 2600 1llustrating a contlict situation with the exem-
plary bid curves 2410, 2510. As can be seen 1n FIG. 26, the
pre-heating zone 2520 of the heating bid curve 2510 overlaps
in part with the pre-cooling zone 2420 of the cooling bid
curve 2410. As a result, 1t 1s unresolved what the transactive
thermostatic controller should do when the observed tem-
perature 1s 1n the contlict region 2610. Accordingly, it 1s
desirable for the HVAC system to operate with a technique for
resolving contlict situations.

[0196] Furthermore, the proximity of pre-heating zone
2520 to the pre-cooling zone 2420 creates the potential for the
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HVAC system to continuously toggle between cooling and
heating states, resulting 1n unnecessary and potentially costly
operation of the HVAC system. For instance, even if the
pre-heating zone 2520 ended at a temperature of 69.5° F.,

HVAC systems typlcally operate with adeadband of £1° F. (or
other amount), meaning that the HVAC system operating 1n a
cooling mode will continue to cool until the temperature 1s 1°
F. below the target pre-cooling temperature (In F1G. 26, 69° F.
or 70° F.-1° F.). At 69° F., however, the HVAC system may
switch to a heating mode and pre-heat the premises to a target
pre-heating temperature of 70.5° F. (69.5° F.+1° F.), thereby
triggering the cooling mode again. Accordingly, 1t 1s desirable
to also properly account for any deadband settings that the

HVAC system may have.

[0197] The paragraphs below describe various possible
methods for resolving conflicting bid curves.

[0198] One exemplary embodiment for resolving a contlict
between bid curves comprises modifying the bid curves to
climinate the pre-cooling and pre-heating zones. The pre-
cooling and pre-heating zones can be eliminated, for
example, 11 the zones overlap with each other or 1 the zones
are within a deadband of one another (e.g., within 2° F. 1f the
deadband 1s set to £1° F.). FIG. 27 1s a diagram 2700 1llus-
trating an exemplary implementation of this embodiment. In
particular, FIG. 27 shows a modified version 2710 of the
heating bid curve 2510 1n which the pre-heating zone 1s
climinated but curtailed heating zone 2730 remains. Addi-
tionally, FIG. 27 shows a modified version 2712 of the cool-
ing bid curve 2410 1n which the pre-cooling zone 1s elimi-
nated but curtailed cooling zone 2720 remains. Together, the
modified heating curve 2710 and the modified cooling curve
2712 create a dead zone 2720 1n which the HVAC system 1s
deactivated. For example, no pre-heating or pre-cooling
occurs 1n the dead zone 2710.

[0199] In some embodiments of the disclosed technology,
the transactive thermostatic controller includes a mode in
which pre-cooling and pre-heating 1s not available. When
such a mode 1s selected (e.g., by a user), then the resulting bid
curves are similar to those shown 1n FIG. 27.

[0200] Although the pre-heating zone and the pre-cooling
zone are shown as being entirely eliminated in FIG. 27, 1n
certain embodiments, the pre-heating and pre-cooling zones
are only partially eliminated.

[0201] As noted, the elimination (or partial elimination) of
the pre-cooling and pre-heating zones can be implemented
when the zones are determined to overlap with one another. In
other embodiments, the elimination (or partial elimination) of
the pre-cooling and pre-heating zones can be implemented
when the edges of the pre-cooling and pre-heating zones are
within a certain degree or amount from each other (e.g.,
within a deadband distance, or within a fixed degree or
amount {rom one another). It should also be noted that the bid
curves illustrated in FIG. 27 assume that the desired base set
points for heating and cooling do not overlap. In certain
implementations, this condition 1s enforced by the transactive
thermostatic controller (e.g., by 1ssuing a warning if the base
set points overlap). For instance, the auto mode can be dis-
abled when the base set points of the cooling and heating
mode overlap.

[0202] In particular embodiments, the pre-cooling zone
and pre-heating zone can be modified so that a fixed tempera-
ture difference exists between the two curves (e.g., a dead-
band or other difference, which can be user selected or pre-
set). For example, the fixed temperature difference can be
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centered around a temperature point between the two the bid
curves. In one particular implementation, for instance, the
average of the cooling and heating base set points 1s used to
determine a midpoint. The maximum temperature limit of the
cooling bid curve and the minimum temperature limit of the
heating bid curve are then set equidistant from the midpoint.
In some 1implementations, the distance from the midpoint 1s
equal to one-half the deadband setting. This implementation
1s 1llustrated by diagram 2800 in FIG. 28, which includes a
cooling bid curve 2812 comprising a curtailed cooling zone
2822 and a partial pre-cooling zone 2820, and a heating bid
curve 2810 comprising a curtailed heating zone 2830 and a
partial pre-heating zone 2832. As can be seen, the pre-cooling
zone 2820 and the pre-heating zone 2832 are modified so that
a temperature difference 2840 exists between the two curves.
Furthermore, the location of the temperature difference is
centered around a midpoint 2845, which 1s located between
the two set points 2811, 2813 (T , ) of the heating bid curve
2810 and the cooling bid curve 2812, respectively. This
embodiment helps ensure that there 1s no overlap of the curves
or deadbands between the cooling and heating base set points.
However, 1f the base set points are too close together, the
beneficial effects of pre-cooling and pre-heating may be lost.
The computation of the demand price can be computed as
described above using the bid curve in which the currently
observed temperature falls.

[0203] Another exemplary embodiment for resolving con-
flicts between bid curves 1s 1llustrated 1n FIGS. 29 and 30. In
general, FIGS. 29 and 30 1llustrate an embodiment in which
one of the modes, either the cooling mode or the heating
mode, 1s determined to be the dominant mode. Further, the bid
curve of the non-dominant mode 1s modified so that either the
pre-cooling or pre-heating zone 1s eliminated. The bid curve
of the dominant mode, however, continues to include either a
pre-cooling or pre-heating zone. In certain implementations,
however, the pre-cooling or pre-heating zone of the dominant
mode 1s also adjusted so that it does not interfere with the base
set point of the complementary heating bid curve or cooling
bid curve. As a result of this approach, a dead zone can be
created between the desired heating or cooling base set point
and the pre-cooling or pre-heating range.

[0204] For example, the transactive thermostatic controller
can operate according to a method 1n which the mode of the
controller changes from heating to cooling (or vice versa)
when the temperature passes a set desired temperature (T )
of the non-operating mode (the base set point for the non-
operating mode). For example, 11 the current mode of opera-
tion for the controller 1s the cooling mode, the controller wall
consider the cooling mode to be the dominant mode and
adjust the heating mode bid curve so that 1t does not include
(or only partially includes) a pre-heating zone. FIG. 29 1s a
diagram 2900 illustrating an example of this mode of opera-
tion. In particular, FIG. 29 includes modified heating bid
curve 2910 that does not include a pre-heating zone but
instead only includes the curtailed heating zone 2930. The
climination of the pre-heating zone can be implemented by
changing the data that represents the bid curves or by chang-
ing the way the controller responds to the curves (e.g., by
ignoring the data that indicates the pre-heating zone). FIG. 29
also includes a cooling bid curve 2912 that includes both a
pre-cooling zone 2920 and a curtailed cooling zone 2922. In
this example, the controller will follow the cooling mode bid
curve until the temperature dips below the desired base set
point for heating 2911 (T, .), at which point the controller
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mode will switch to a heating mode. As a result, the dominant
mode will be changed to the heating mode and the controller
will follow the heating mode bid curve. As a result of the
switch to the heating mode as the dominant mode, the heating
mode bid curve will include the pre-heating zone but the
cooling mode bid curve will be adjusted so that 1t does not
include (or only partially includes) a pre-cooling zone. FIG.
30 1s a diagram 3000 illustrating an example of this mode of
operation. In particular, FIG. 30 includes heating bid curve
3010 that includes both a curtailed heating zone 3030 and a
pre-heating zone 3032. FIG. 30 further shows a modified
cooling bid curve 3012 in which the pre-cooling zone 1s
climinated but the curtailed cooling zone 3020 remains. The
climination of the pre-cooling zone can be implemented by
actually changing the data that represents the bid curves or by
changing the way the controller responds to the curves (e.g.,
by 1gnoring the data that indicates the pre-cooling zone). In
certain implementations, the dominant mode will remain the
heating mode unless the temperature rises above the cooling,
mode desired temperature base set pont 3013 (T ) for cool-
ng.

[0205] As aresult of this method, a dead zone between the
two bid curves 1s created that prevents oscillation between
heating and cooling modes under most circumstances (e.g.,
depending on the size of the dead-zones). Once the dominant
operating mode 1s determined, the computation of the
demand price can be computed as described above using the
appropriate dominant mode bid curve.

[0206] The method illustrated by FIGS. 29 and 30 can be
implemented by the transactive thermostatic controller by
including an additional mode (for illustrative purposes
termed the dominan_mode) that indicates the current domi-
nant mode of the controller. In particular implementations,

[ 1

the dominant_mode has the following possible states: PRE-
HEAT, PRECOQOL, or NONE. In certain implementations,
the dominant_mode 1s set to NONE by default, and neither
pre-cooling nor pre-cooling i1s activated. In this state, the
curtailed heating and curtailed cooling zones are unatiected.
In other words, the bid curves are modified or treated as being
modified as shown 1n FIG. 27. If the controller state switches
to a cooling mode (e.g., the overall state of the controller
switches to COOL) from any other state, then the dominant_
mode becomes PRECOOL, and the pre-cooling regime 1s
activated. This state 1s 1llustrated by the bid curves 2910,
2912, 1n F1G. 29. In certain implementations, the pre-cooling
regime 1s modified 11 there 1s an overlap with the heating base
set point. In particular implementations, for instance, if an
overlap occurs with the heating base set point and the pre-
cooling lower limit (with or without a deadband), the base set
point remains unaifected while the pre-cooling regime 1s
truncated to one full deadband above the heating base set
point.

[0207] In some implementations, the dominant _mode will
remain 1n the set state (in this example, PRECOQOL) state until
a certain event occurs. The events can include one or more of
the following. First, 1f the observed temperature crosses the
set point for the non-dominant mode (in this example, if the
observed temperature crosses the set point for the heating
mode), the dominant_mode state can switch. In this example,
the dominant_ mode can be switched to PREHEAT, in which
case the pre-cooling regime would be deactivated and the
pre-heating regime would be fully activated. Second, if the
controller state switches to another operating mode (e.g.,

from an “AUTO” mode to a “HEAT,” “COOL,” “HOLD
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TEMP,” or “OFF” mode), then the dominant_mode can revert
to NONE. Third, if the user manually changes a base set point
for either the cooling or heating mode, the dominant_mode
can revert to NONE and both pre-heating and pre-cooling
regimes can be deactivated until such time that a dominant_
mode 1s activated. Fourth, 1T a schedule specified by the user
becomes active and moves either of the base heating or cool-
ing set points, then the dominant_mode state can revert to
NONE and both pre-heating and pre-cooling regimes can be
deactivated until such time that a dominant mode 1s acti-
vated. Fifth, 1f the HVAC system 1s not operating in a cooling
mode or a heating mode for a certain period of time (e.g.,
because the observed temperature 1s 1n a dead zone between
the two bid curves), then the dominant_mode state can revert
to NONE. This time period can be set by the user and can be
reset each time the system moves from an active cooling or
heating state to an 1nactive state.

[0208] The exemplary method illustrated by FIGS. 29 and
30 can be modified in a number of ways. For example,
although FIGS. 29 and 30 show the pre-cooling or pre-heat-
ing zones being entirely eliminated, the pre-cooling or pre-
heating zones of the non-dominant mode can be only partially
climinated. Such embodiments (which are sometimes
referred to as embodiments operating in the “sliding mode™ of
operation) can be used to attempt to maximize the amount of
pre-cooling and pre-heating that 1s performed, but still
resolve conflict situations between the two bid curves. For
instance, 1n particular implementations, the bid curve of the
non-dominant mode can be reduced so that a deadband (or
other set number of degrees) separates the bid curve from the
nearest limit of the other bid curve. The deadband can be any
value, but 1n certain exemplary embodiments 1s +1° F. or £2°
F. FIG. 31 1s a diagram 3100 illustrating a partial bid curve for
a non-dominant mode. In particular, diagram 3100 shows a
cooling bid curve 3112 that includes a full pre-cooling zone
3120 and curtailed cooling zone 3122, and a heating bid curve
3110 that includes a full curtailed heating zone 3130 but a
partial pre-heating zone 3132. In particular, the HVAC system
represented by FIG. 31 1s assumed to be 1in a cooling mode of
operation, 1 which case cooling 1s determined to be the
dominant mode. Consequently, the cooling bid curve 3122 1s
not modified. However, the bid curve for the non-dominant
mode 1s partially modified. In the illustrated embodiment, for
instance, a pre-heating zone 1s modified so that a temperature
difference 3140 exists between the minimum temperature
limit of the cooling curve and the maximum temperature of
the heating bid curve 3110. This results 1n a partial pre-
heating zone 3132. The computation of the demand price can
be computed as described above using the appropriate domi-
nant mode bid curve.

[0209] By using the sliding mode of operation, the benefit
of some pre-heating and pre-cooling can be realized. Further-
more, the dominant mode can be switched according to one or
more of the criteria recited above, such as when the base set
point of the non-dominant mode 1s crossed. In other embodi-
ments, however, the dominant mode can be switched when
the pre-heating or pre-cooling zone of the non-dominant bid
curve 1s reached (e.g., upon the current temperature reaching
the upper temperature limit of the partial pre-heating zone
3132). Although FIG. 31 only shows an example of when
cooling 1s the dominant mode and the heating bid curve is
partially modified, 1t 1s to be understood that a stmilar modi-
fication of the cooling bid curve can occur when heating 1s the
dominant mode.
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[0210] FIG. 32 15 a flowchart 3200 showing a generalized
method for operating a transactive controller 1n a manner that
resolves bid curve contlicts according to embodiments of the
disclosed technology. In particular implementations, the
method illustrated in flowchart 3300 can be used by a trans-
active thermostatic controller controller a heating and cooling
system 1n an “AUTO” mode, 1n which both cooling and heat-
ing operations are automatically controlled by the controller.
Embodiments of the disclosed method can be performed by
computing hardware 1n a transactive controller or by a com-
puter or other computing hardware that controls or 1mple-
ments the transactive controller. The disclosed method acts
should not be construed as limiting, as they can be performed
alone, 1n any combination or subcombination with one
another, or 1in a different order.

[0211] At 3210, a first bid curve 1s determined. In this
embodiment, the first bid curve indicates a first set of bid
prices for corresponding temperatures. Furthermore, 1n the
illustrated embodiment, the first bid curve 1s associated with
a cooling mode of operation for a heating and cooling system
(e.g., an HVAC system). As explained above (e.g., in Section
IV.A and IV.B), the first bid curve can be determined from
various values mput by a user (e.g., a desired temperature set
point, lower and upper limits, and/or a comiort setting).

[0212] At 3212, a second bid curve 1s determined. In this
embodiment, the second bid curve indicates a second set of
bid prices for corresponding temperatures. Furthermore, in
the 1llustrated embodiment, the second bid curve 1s associated
with a heating mode of operation for a heating and cooling,
system (e.g., an HVAC system). As explained above (e.g., 1n
Section IV.A and 1V.C), the second bid curve can be deter-
mined from various values mput by a user (e.g., a temperature
set point, lower and upper limits, and/or a comiort setting).

[0213] At 3214, the first bid curve, the second bid curve, or
the first bid curve and the second bid curve are modified to
prevent overlap ol any portion of the first bid curve and the
second bid curve. For example, the first bid curve can be
modified by eliminating at least a portion of a pre-cooling
portion of the first bid curve (e.g., by adjusting the minimum
temperature (T, . ) of the cooling mode bid curve or other-
wise reducing the temperature range through which pre-cool-
ing 1s triggered) and/or by eliminating at least a portion of a
pre-heating portion of the second bid curve (e.g., by adjusting,
the maximum temperature (1 ) of the heating mode bid
curve or otherwise reducing the temperature range through
which pre-heating 1s triggered). In certain implementations,
the pre-cooling and/or pre-heating portions are completely
removed (e.g., as 1 diagram 2700 of FIG. 27). In some
embodiments, the modification 1s performed so that the two
curves are separated from one another by a fixed amount (e.g.,
by a deadband setting for the HVAC system, which can be
user-selected or preset, or by any other user-selected or pre-
determined amount). The “dead zone” region between the
two curves can be located at a particular location. For
example, the region can be centered about an average tem-

perature between a cooling mode set point and a heating mode
set point (e.g., as 1n diagram 2800 of FIG. 28).

[0214] Itshould be noted that 1n certain embodiments of the
disclosed technology, the bid curves are not modified, but
rather the controller or system’s response to the bid curves 1s
adjusted so that the controller or system effectively operates
as 11 the bid curves had been modified. The performance of the
controller or system in such embodiments can be adjusted to
match any of the above-described embodiments.
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[0215] FIG. 33 1s a flowchart 3300 showing another gener-
alized method for operating a transactive controller 1n a man-
ner that resolves bid curve contlicts. In particular implemen-
tations, the method 1llustrated in flowchart 3300 can be used
by a transactive thermostatic controller for a heating and
cooling system 1n an “AUTO” mode, 1n which both cooling
and heating operations are automatically controlled by the
controller. Embodiments of the disclosed method can be per-
formed by computing hardware 1n a transactive controller or
by a computer or other computing hardware that controls or
implements the transactive controller. The disclosed method
acts should not be construed as limiting, as they can be per-
formed alone, 1n any combination or subcombination with
one another, or in a different order.

[0216] At 3310, the controller 1s set so that there 1s no
dominant mode. This can occur when the controller 1s first
turned on or first set to operate 1n “AUTO” mode. As more
fully explained below, there are also certain situations 1in
which the controller 1s desirably reset so that there 1s no
dominant mode.

[0217] At 3312, the temperature 1n the space controlled by
the controller, referred to as the observed temperature, 1s
monitored. The observed temperature can be the temperature
registered at the controller or by one or more thermometers in
the space, premises, or room controller by the controller.

[0218] At 3314, a determination 1s made as to whether the
observed temperature exceeds a cooling mode temperature
set point. The cooling mode temperature set point can corre-
spond to the cooling mode temperature base set point
described above with respect to FIG. 24 (e.g., the desired
temperature of the coolingmodeT ). If so, then the control-
ler 1s set 1to the cooling mode at 3318; otherwise, at 3316 a
determination 1s made as to whether the observed tempera-
ture 1s less than the heating mode temperature set point. The
heating mode temperature set point can correspond to the
heating mode temperature base set point described above
with respect to FIG. 25 (e.g., the desired temperature of the
heating mode T, ). If so, then the controller 1s set into the
heating mode at 3326; otherwise, the process repeats by
monitoring the observed temperature again at 3312.

[0219] At3318, when the controller switches to the cooling
mode as the dominant mode, the bid curves that are used to
determine the bid price for the transactive controller favor the
cooling mode bid curve. For example, the bid curves used can
include a cooling mode bid curve that includes a first pre-
cooling portion and a heating mode bid curve that either does
not include any pre-heating portion or that includes a pre-
heating portion that applies across a smaller temperature
range than the pre-cooling portion of the cooling mode bid
curve. In certain embodiments, the heating mode bid curve
and the cooling mode bid curve can be separated from one
another by a fixed amount (e.g., a deadband).

[0220] At 3320, with the controller operating 1n the cooling
mode, a determination 1s made as to whether the observed
temperature 1s less than the set point for activating heating,
mode. If so, then the process proceeds to 3326, where the
controller 1s switched so that the heating mode 1s the domi-
nant mode; otherwise, the process continues with 3322.

[0221] At 3322, a determination 1s made as to whether any
other events have been detected that would trigger the con-
troller to change operational states. I so, then the controller
resets at 3310 so that there 1s no dominant mode; otherwise,
the process proceeds to 3324. In certain embodiments, a
change event includes one or more of the following: (1)
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detection of a schedule change; (2) detection of a change to
the set point for triggering the cooling mode; (3) detection of
a change to the set point for triggering the heating mode; or
(4) detection of a change 1n the operational state of the con-
troller (e.g., 1f the user selects to operate the controller 1n a
mode other than “AUTQO”).

[0222] At 3324, with the controller operating 1n the cooling
mode, the observed temperature 1s again monitored and the
process repeats from 3320.

[0223] At 3326, when the controller switches to the heating
mode as the dominant mode, the bid curves that are used to
determine the bid price for the transactive controller favor the
heating mode bid curve. For example, the bid curves used can
include a heating mode bid curve that includes a pre-heating
portion and a cooling mode bid curve that either does not
include any pre-cooling portion or that includes a pre-cooling
portion that applies across a smaller temperature range than
the pre-heating portion of the heating mode bid curve. In
certain embodiments, the heating mode bid curve and the
cooling mode bid curve can be separated from one another by
a fixed amount (e.g., a deadband).

[0224] At 3328, with the controller operating 1n the heating
mode, a determination 1s made as to whether the observed
temperature exceeds the set point for activating the cooling
mode. I so, then the process proceeds to 3318, where the
controller 1s switched so that the cooling mode becomes the
dominant mode; otherwise, the process continues with 3330.
[0225] At 3330, a determination 1s made as to whether any
other events have been detected that would trigger the con-
troller to change operational states. If so, then the controller
resets at 3310 so that there 1s no dominant mode; otherwise,
the process proceeds to 3332. In certain embodiments, a
change event includes one or more of the following: (1)
detection of a schedule change; (2) detection of a change to
the set point for triggering the cooling mode; (3) detection of
a change to the set point for triggering the heating mode; or
(4) detection of a change in the operational state of the con-
troller (e.g., if the user selects to operate the controller 1n a
mode other than “AUTO”).

[0226] At3332, with the controller operating 1in the cooling
mode, the observed temperature 1s again monitored and the
process repeats from 3328.

[0227] Itshould benoted that in certain embodiments of the
disclosed technology, the bid curves are not altered when the
controller operates 1n a cooling mode versus a heating mode,
but rather the controller or system’s response to the bid curves
1s adjusted so that the controller or system effectively operate
as 11 the bid curves were modified as described above. The
performance of the controller or system 1n such embodiments
can be adjusted to match any of the above-described embodi-
ments.

V. Concluding Remarks

[0228] Having described and illustrated the principles of
the disclosed technology in the detailed description and
accompanying drawings, it will be recognized that the various
embodiments can be modified in arrangement and detail
without departing from such principles.

[0229] For example, 1t 1s to be understood that any of the
teatures and embodiments described herein can be used 1n
combination with any of the features and embodiments
described 1 U.S. Provisional Application No. 61/194,596
filed on Sep. 29, 2008, and entitled “METHOD AND SYS-
TEM FOR ELECTRIC POWER GRID CONTROL”; U.S.

Nov. 1, 2012

Nonprovisional application Ser. No. 12/387,008, filed on
Sep. 29, 2009, and entitled “ELECTRIC POWER GRID

CONTROL USING A MARKET-BASED RESOURCE
ALLOCATION SYSTEM?” (published as U.S. Patent Appli-
cation Publication No. 2010/0114387); U.S. Nonprovisional
application Ser. No. 12/587,009, filed on Sep. 29, 2009, and
entitled “USING BI-DIRECTIONAL COMMUNICA-
TIONS IN A MARKET-BASED RESOURCE ALLOCA-
TION SYSTEM” (published as U.S. Patent Application Pub-
lication No. 2010/0106332); U.S. Nonprovisional
application Ser. No. 12/587,006, filed on Sep. 29, 2009, and
entitled “USING ONE-WAY COMMUNICATIONS IN A
MARKET-BASED RESOURCE ALLOCATION SYS-
TEM” (published as U.S. Patent Application Publication No.
2010/0106641); U.S. Nonprovisional application Ser. No.
12/587,000, filed on Sep. 29, 2009, and entitled “DISTRIB-
UTING RESOURCES IN A MARKET-BASED
RESOURCE ALLOCATION SYSTEM?” (published as U.S.
Patent Application Publication No. 2010/0107173); U.S. Pro-
visional Application No. 61/143,954 filed on Jan. 12, 2009,

and enftitled “NESTED, HIERARCHICAL RESOURCE
ALLOCATION SCHEMA FOR MANAGEMENT AND
CONTROL OF AN ELECTRIC POWER GRID; U.S. Non-
provisional application Ser. No. 12/686,243, filed on Jan. 12,
2010, and entitled “NESTED, HIERARCHICAL
RESOURCE ALLOCATION SCH. JMA FOR MANAGE-
MENT AND CONTROL OF AN ELECTRIC POWER
GRID,” (published as U.S. Patent Appllcatlon Publication
No. 2010/0179862), U.S. Nonprovisional application Ser.

No. 13/096,682, filed on Apr. 28, 2011 concurrently herewith,
and enftitled “FORWARD-LOOKING TRANSACTIVE
PRICING SCHEMES FOR USE IN A MARKET-BASED
RESOURCE-BASED ALLOCATION SYSTEM.,” all of
which are hereby incorporated herein by reference.

[0230] Inview of the many possible embodiments to which
the principles of the disclosed invention may be applied, 1t
should be recognized that the illustrated embodiments are
only preferred examples of the invention and should not be
taken as limiting the scope of the invention. Rather, the scope
ol the invention 1s defined by the following claims and their
equivalents. We therefore claim as our invention all that
comes within the scope and spint of these claims.

What 1s claimed 1s:

1. A method for operating a thermostatic controller config-
ured to submit bids to a market-based resource allocation
system, the method being implemented by computing hard-
ware and comprising:

determining a first bid curve, the first bid curve indicating,

a first set of bid prices for corresponding temperatures,
the first bid curve being associated with a cooling mode
of operation for a heating and cooling system;

determining a second bid curve, the second bid curve 1ndi-
cating a second set of bid prices for corresponding tem-
peratures, the second bid curve being associated with a
heating mode of operation for the heating and cooling
system:

modifying the first bid curve, the second bid curve, or the
first bid curve and the second bid curve to prevent over-
lap of any portion of the first bid curve and the second bid
curve.

2. The method of claim 1, wherein the modifying com-
prises moditying the first bid curve and not the second bid
curve.
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3. The method of claim 1, wherein the modifying com-
prises moditying the second bid curve and not the first bid
curve.

4. The method of claim 1, wherein the modifying com-
prises modifying the first bid curve by eliminating at least a
portion of a pre-cooling zone of the first bid curve or elimi-
nating at least a portion of a pre-heating zone of the second
bid curve.

5. The method of claim 1, wherein the moditying com-
prises modifying the first bid curve and the second bid curve
so that the first bid curve does not include a pre-cooling zone
and the second bid curve does not include a pre-heating zone.

6. The method of claim 1, wherein the modifying com-
prises moditying the first bid curve and the second bid curve
so that a lower end of the first bid curve is separated from an
upper end of the second bid curve by a fixed amount.

7. The method of claim 1, wherein the fixed amount cor-
responds to a deadband setting for the HVAC system.

8. The method of claim 1, wherein the modifying com-
prises moditying the first bid curve and the second bid curve
by creating a region between the first bid curve and the second
bid curve that does not trigger pre-heating or pre-cooling.

9. The method of claim 8, wherein the region between the
first bid curve and the second bid curve 1s centered about an
average temperature between a cooling mode set point and a
heating mode set point.

10. One or more computer-readable storage media storing
computer-executable instructions which when executed by a
computer cause the computer to perform the method of claim

1.

11. A transactive controller comprising computing hard-
ware configured to perform the method of claim 1.

12. A method for operating a thermostatic controller con-
figured to submit bids to a market-based resource allocation
system, the method comprising:

responsive to an observed temperature, causing a heating,
ventilation, and air conditioning (“HVAC™) system to
become operational 1n a first operational mode, the first
operational mode being associated with a first bid curve
for determining a bid price for submission to a market-
based resource allocation system; and

while the HVAC system operates 1n the first operational
mode, modilying a second bid curve associated with a
second operational mode or a response by the controller
to the second bid curve so that the second bid curve does
not interfere with the HVAC system operating according,
the first bid curve.

13. The method of claim 12, wherein the first operational
mode 1s a cooling mode, the first bid curve 1s a cooling mode
bid curve, the second operational mode 1s a heating mode, and
the second bid curve 1s a heating mode bid curve.

14. The method of claim 13, wherein the moditying com-
prises eliminating at least a portion of a pre-heating zone of
the heating mode bid curve or eliminating the response by the
controller to at least a portion of the pre-heating zone of the
heating mode bid curve.

15. The method of claim 13, wherein the modifying com-
prises modilying an upper temperature limit of the heating
mode bid curve to be less than a lower temperature limit of the
cooling mode bid curve.

16. The method of claim 13, wherein the upper temperature
limit of the heating mode bid curve 1s less than the lower

Nov. 1, 2012

temperature limit of the cooling mode bid curve by at least an
amount corresponding to a deadband setting for the HVAC
system.

17. The method of claim 12, wherein the first operational
mode 1s a heating mode, the first bid curve 1s a heating mode
bid curve, the second operational mode 1s a cooling mode, and
the second bid curve 1s a cooling mode bid curve.

18. The method of claim 17, wherein the modifying com-
prises eliminating at least a portion of a pre-cooling zone of
the cooling mode bid curve or eliminating the response by the
controller to at least a portion of the pre-cooling zone of the
cooling mode bid curve.

19. The method of claim 17, wherein the modifying com-
prises modilying a lower temperature limit of the cooling
mode bid curve to be greater than an upper temperature limit
of the heating mode bid curve.

20. The method of claim 17, wherein the lower temperature
limit of the cooling mode bid curve 1s greater than the upper
temperature limit of the heating mode bid curve by at least an
amount corresponding to a deadband setting for the HVAC
system.

21. The method of claim 12, further comprising designat-
ing the first operational mode of the HVAC system as the
dominant mode.

22. The method of claim 21, further comprising changing
the designation of the dominant mode from the first opera-
tional mode if one or more of the following occurs: (a) an
observed temperature crosses a base set temperature for acti-
vating the second operational mode; (b) a schedule change 1s
detected; or (¢) a change to a base set temperature for either
the first operational mode or the second operational 1s
detected.

23. The method of claim 12, wherein the currently
observed temperature 1s a first observed temperature, and
wherein the method further comprises:

responsive to a second observed temperature, causing the

HVAC system to become operational in the second
operational mode; and

while the HVAC system operates 1n the second operational

mode, restoring the second bid curve to its unmodified
state or the response by the controller to the second bid
curve to 1ts original response.

24. The method of claim 23, further comprising modifying
the first bid curve or aresponse by the controller to the first bid
curve so that the first bid curve does not interfere with the
HVAC system operating according the second bid curve.

25. One or more computer-readable storage media storing
computer-executable instructions which when executed by a
computer cause the computer to perform the method of claim
23.

26. A transactive controller comprising computing hard-
ware configured to perform the method of claim 23.

27. A method for operating a transactive controller 1 a
market-based resource allocation system, the method being
implemented by computing hardware and comprising:

when an observed temperature 1s greater than a set point for

triggering a cooling mode,

computing bids for use in a market-based resource allo-
cation system in accordance with a first set of bid
curves,

the first set of bid curves including or being treated as
including a first cooling mode bid curve that includes
a first pre-cooling portion and a first heating mode bid
curve that either does not include any pre-heating
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portion or that includes a first pre-heating portion that
applies across a smaller temperature range than the
first pre-cooling portion; and

when the observed temperature 1s less than a set point for

triggering a heating mode,

computing the bids for use 1n the market-based resource
allocation system 1n accordance with a second set of
bid curves,

the second set of bid curves including or being treated as
including a second heating mode bid curve that
includes a second pre-heating portion and a second
cooling mode bid curve that either does not include
any pre-cooling portion or that includes a second pre-
cooling portion that applies across a smaller range
than the second pre-heating portion.

28. The method of claim 27, further comprising, once the
observed temperature 1s greater than the set point for trigger-
ing the cooling mode, computing the bids 1n accordance with
the first set ol bid curves until the observed temperature 1s less
than the set point for triggering the heating mode, and there-
alter computing the bids in accordance with the second set of
bid curves.

29. The method of claim 27, further comprising, once the
observed temperature 1s greater than the set point for trigger-
ing the cooling mode, computing the bids using the first set of
bid curves until an event occurs, the event comprising one or
more of: (a) detecting a schedule change; (b) detecting a
change to the set point for triggering the cooling mode; or (¢)
detecting a change to the set point for triggering the heating
mode.

30. The method of claim 27, further comprising, once the
observed temperature 1s less than the set point for triggering
the heating mode, computing the bids 1n accordance with the
second set of bid curves until the observed temperature 1s
greater than the set point for triggering the cooling mode, and
thereafter computing the bids in accordance with the first set
of bid curves.

31. The method of claim 27, further comprising, once the
observed temperature 1s less than the set point for triggering
the heating mode, computing the bids using the first set of bid
curves until an event occurs, the event comprising one or
more of: (a) detecting a schedule change; (b) detecting a
change to the set point for triggering the cooling mode; or (c¢)
detecting a change to the set point for triggering the heating
mode.

32. The method of claim 27, wherein the first pre-heating
portion and the first pre-cooling portion are separated from
one another by a predetermined temperature range; and

wherein the second pre-heating portion and the second

pre-cooling portion are separated by the predetermined
temperature range.

33. The method of claim 27, wherein the predetermined
temperature range 1s user selectable.

34. One or more computer-readable storage media storing,
computer-executable mstructions which when executed by a
computer cause the computer to perform the method of claim
27.

35. A transactive controller comprising computing hard-
ware configured to perform the method of claim 27.

36. A method, comprising:

receiving a plurality of requests for electricity from a plu-
rality of end-use consumers, wherein each of the
requests indicates a requested quantity of electricity and
a consumer-requested index value indicative of a maxi-
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mum price a respective end-use consumer will pay for
the requested quantity of electricity;

recerving a plurality of offers for supplying electricity from

a plurality of resource suppliers, wherein each of the
offers indicates an offered quantity of electricity and a
supplier-requested index value indicative of a minimum
price for which a respective supplier will produce the
offered quantity of electricity; and

using computing hardware, determining a dispatched

index value at which electricity 1s to be supplied,

wherein the act of determining the dispatched index

value comprises:

forming an end-use consumer curve from the requests
and a resource supplier curve from the offers;

determining that an intersection of the end-use con-
sumer curve and the resource supplier curve occurs at
a same quantity level but at two different index value
levels; and

selecting an index value between the two different index
value levels as the dispatched index value.

37. The method of claim 36, wherein the selecting the
dispatched index value comprises selecting an index value
that 1s an average of the two different index value levels.

38. The method of claim 36, wherein the selecting the
dispatched index value comprises:

determining that a next higher offer 1n the resource supplier

curve after the intersection has an 1ndex value that 1s less
than the average of the two different index value levels;
and

selecting as the dispatched index value an index value that

1s below the index value of the next higher offer in the
resource supplier curve.

39. The method of claim 38, wherein the dispatched index
value 1s a single index value increment below the index value
of the next higher offer in the resource supplier curve.

40. The method of claim 36, wherein the selecting the
dispatched index value comprises:

determiming that a next lower request in the end-use con-

sumer curve after the intersection has an index value that
1s greater than the average of the two different index
value levels; and

selecting as the dispatched index value an index value that

1s above the 1index value of the next lower offer 1n the
end-use consumer curve.

41. The method of claim 40, wherein the dispatched index
value 1s a single index value increment above the index value
of the next lower offer 1n the end-use consumer curve.

42. The method of claim 36, wherein the forming the
end-use consumer curve from the requests and the resource
supplier curve from the offers comprises:

separating the requests and the offers imto two groups; and

sorting each item in the two groups according to index

value and a cumulative quantity level.

43. The method of claim 36, further comprising transmit-
ting the dispatched index value to at least one of the end-use
consumers or resource suppliers.

44. One or more non-transitory computer-readable
medium storing computer-readable instructions which when
executed by a computer cause the computer to perform the
method of claim 36.

45. A method, comprising:

recerving a plurality of requests for electricity from a plu-

rality of end-use consumers, wherein each of the
requests indicates a requested quantity of electricity and

[l
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a consumer-requested index value indicative of a maxi-
mum price a respective end-use consumer will pay for
the requested quantity of electricity;

receiving a plurality of offers for supplying electricity from

a plurality of resource suppliers, wherein each of the

offers indicates an offered quantity of electricity and a

supplier-requested index value indicative of a minimum

price for which a respective supplier will produce the
offered quantity of electricity; and

using computing hardware, determining a dispatched
index value at which electricity 1s to be supplied,
wherein the act of determining the dispatched index
value comprises:

forming an end-use consumer curve from the requests

and a resource supplier curve from the offers;
determining that the end-use consumer curve and the
resource supplier curve do not intersect; and
selecting as the dispatched index value an index value
that 1s higher than an 1ndex value of the request with
the highest index value.

46. The method of claim 45, wherein the index value of the
request with the highest index value 1s lower than an imndex
value of the offer with the lowest index value, and wherein the
selected dispatched index value 1s between the index value of
the request with the highest index value and the index value of
the offer with the lowest index value.

47. The method of claim 46, wherein the selected dis-
patched index value 1s the average of the index value of the

request with the highest index value and the index value of the
offer with the lowest index value.

48. The method of claim 45, wherein the selected dis-
patched mndex value 1s at a price cap.

49. The method of claim 45, further comprising transmit-
ting the dispatched index value to at least one of the end-use
consumers or resource suppliers.

50. One or more non-transitory computer-readable
medium storing computer-readable instructions which when

executed by a computer cause the computer to perform the
method of claim 45.
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51. A method, comprising:

recerving a plurality of requests for electricity from a plu-
rality of end-use consumers, wherein each of the
requests indicates a requested quantity of electricity and
a consumer-requested index value indicative of a maxi-
mum price a respective end-use consumer will pay for
the requested quantity of electricity;

recerving a plurality of offers for supplying electricity from
a plurality of resource suppliers, wherein each of the
offers indicates an offered quantity of electricity and a
supplier-requested index value indicative of a minimum
price for which a respective supplier will produce the
offered quantity of electricity; and

using computing hardware, determining a dispatched
index value at which electricity 1s to be supplied,
wherein the act of determining the dispatched index
value comprises:

computing a quantity of electricity used by end-use con-
sumers that do not respond to the dispatched index
value;

determining that the offered quantities of electricity only
satisty the quantity used by end-use consumers that
do not respond to the dispatched index value; and

selecting as the dispatched index value an index value
that 1s higher than the index value of the offer with the
highest index value.

52. The method of claim 51, wherein the dispatched index
value 1s a single index value increment above the index value
of the offer with the highest index value.

53. The method of claim 51, further comprising transmit-
ting the dispatched index value to at least one of the end-use
consumers or resource suppliers.

54. One or more non-transitory computer-readable
medium storing computer-readable instructions which when
executed by a computer cause the computer to perform the
method of claim 51.
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